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Physics and Measurement 


ANSWERS TO QUESTIONS 


Q1.1 Atomic clocks are based on electromagnetic waves which atoms 
emit. Also, pulsars are highly regular astronomical clocks. 


Q1.2 Density varies with temperature and pressure. It would be 
necessary to measure both mass and volume very accurately in 


order to use the density of water as a standard. 


Q1.3 People have different size hands. Defining the unit precisely 
would be cumbersome. 


Q1.4 (a) 0.3 millimeters (b) 50 microseconds (c) 7.2 kilograms 


Q1.5 (b) and (d). You cannot add or subtract quantities of different 
dimension. 


Q1.6 A dimensionally correct equation need not be true. Example: 


1 chimpanzee = 2 chimpanzee is dimensionally correct. If an 
equation is not dimensionally correct, it cannot be correct. 


If I were a runner, I might walk or run 10! miles per day. Since I am a college professor, I walk about 
10° miles per day. I drive about 40 miles per day on workdays and up to 200 miles per day on 


vacation. 


On February 7, 2001, I am 55 years and 39 days old. 


| 4 
55 yr| 26925 d | 39 g - 20128 (= Me) 174x10 s~10° s. 
lyr 1d 


Many college students are just approaching 1 Gs. 


Zero digits. An order-of-magnitude calculation is accurate only within a factor of 10. 
The mass of the forty-six chapter textbook is on the order of 10° kg . 


With one datum known to one significant digit, we have 80 million yr + 24 yr = 80 million yr. 
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SOLUTIONS TO PROBLEMS 


Section 1.1 Standards of Length, Mass, and Time 


No problems in this section 


Section 1.2 Matter and Model-Building 


P1.1 


From the figure, we may see that the spacing between diagonal planes is half the distance between 
diagonally adjacent atoms on a flat plane. This diagonal distance may be obtained from the 


Pythagorean theorem, Lai, = v I? +L? . Thus, since the atoms are separated by a distance 


7 ; L yee 
L=0.200 nm, the diagonal planes are separated by 5 L*+L* =| 0.141 nm |. 


Section 1.3 Density and Atomic Mass 


*P1.2 


P1.3 


*P1.4 


P1.5 


3 
Modeling the Earth as a sphere, we find its volume as Sar = = 2(637 x 10° m) = 1.08 x 10?! m°. Its 


m  598x10"kg _ 
V 108x10” m? 
tabulated densities of aluminum and iron. Typical rocks have densities around 2 000 to 

3000 kg / m? . The average density of the Earth is significantly higher, so higher-density material 
must be down below the surface. 


density is then p= 


5.52x10° kg / m? | . This value is intermediate between the 


With V = (base area)(height) V = (ar? ) and p= = we have 


m 1kg k = 
p 


zr^h  z(19.5 mm) (390 mm)\ 1m? 


p=| 2.15 x 104 kg/m? |. 


Let V represent the volume of the model, the same in p= - for both. Then Piron =9.35 kg/V and 


m m 
gold f Next, P gold _ gold and m as 
V P'iron 9.35 kg : 


23.0 kg |. 


p gold 7 


3 3 
v | 19.3 x10? kg/m - 


7.86x10? kg/m? 


4r elr? = n) 
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4 4 "eR . : 
P1.6 For either sphere the volume is V = 37" and the mass is m= pV = pat. We divide this equation 


for the larger sphere by the same equation for the smaller: 


Then r, = r5 = 4.50 cm(1.71) =| 7.69 cm |. 


m, pAnr?3 r 


m, " pAnr?3 d f; 


P1.7 Use 1 u =1.66 x10” g. 


(a) 


(b) 


(c) 


*P1.8 (a) 


(b) 


(c) 


(d) 


-24 
For He, my = 4.00 [s a i 6.64x 10 g |. 
u 


1.66 x10” 
For Fe, my - 55.9 [se - [929x109 g |. 
u 
—24 
For Pb, my = 207 [5 = 2: 3.44x 10 2 g |. 
u 


The mass of any sample is the number of atoms in the sample times the mass m, of one 
atom: m = Nm. The first assertion is that the mass of one aluminum atom is 


my = 27.0 u=27.0ux1.66x10 kg/1u-448x10 7 kg. 


Then the mass of 6.02 x 10? atoms is 
m = Nmg =6.02 x10” x 448x 10 76 kg = 0.027 0 kg = 27.0 g. 


Thus the first assertion implies the second. Reasoning in reverse, the second assertion can be 
written m = Nm. 


0.027 kg 


602x109 = 4,48 x 10% kg, 
. x 


0.027 0 kg = 6.02 x 10? mg, so m, = 


in agreement with the first assertion. 


The general equation m = Nm applied to one mole of any substance gives M g = NM u, 
where M is the numerical value of the atomic mass. It divides out exactly for all substances, 
giving 1.000 000 0x 10? kg = N1.660 540 2x10 77 kg. With eight-digit data, we can be quite 
sure of the result to seven digits. For one mole the number of atoms is 


1.660 540 2 


N-( aa” = 6.022 137 x 10? |. 


The atomic mass of hydrogen is 1.008 0 u and that of oxygen is 15.999 u. The mass of one 
molecule of HO is 2(1.008 0) + 15.999 u=18.0 u. Then the molar mass is | 18.0 g |. 


For CO, we have 12.011 g + 2(15.999 g) =| 44.0 g | as the mass of one mole. 
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P1.9 


P1.10 


P1.11 


1k 
Mass of gold abraded: | Am | = 3.80 g -3.35 g = 0.45 g = (0.45 ES 5 - 45x10 * kg. 
8 


=3.27 x10” kg. 


166x10” k 
Each atom has mass m = 197 u =197 | ia J 
u 


Now, | Am | = | AN Imo, and the number of atoms missing is 


|Am| | &45x10^* kg 


21.38 x 10?! atoms. 


The rate of loss is 


|AN| 138x10? stome( lyr I 1d I 1h IE min) 
At 50 yr 365.25 d J 24h A60 min A 60s 


| AN | ü 
—— -1872x10  atoms/s |. 
At 
3 
(a) m= pL’ - (786 g/cm? (5.00105 cm) -|9.83x10 5 g |-9.83 10? kg 
83x10 P k 
(b) SUE EUM — =| 1.06 x107 atoms 
My 559 u(L66x10 7 kg/1u) 
(a) The cross-sectional area is [«-15.0 cm 
E 
A = 2(0.150 m)(0.010 m) + (0.340 m)(0.010 m) 100.||. 
= -3 2 ' cm 
-640x10? m?. 36.0 
cm 
The volume of the beam is 1.00 
cm 
V = AL- (640x10? m^ (1.50 m) -9.60x10? m°. Y * 
Á 
Thus, i j 
us, its mass is FIG. P1.11 


m= pV =(7.56 x10° kg /m°)(9.60x10° m?) =| 72.6 kg |. 

1.66 x 10 7 kg 
lu 

m 72.6 kg 


m = Nm and the number of atoms is N = = eT =| 7.82 x 10% atoms |. 
mg 9.28x10 kg 


(b) The mass of one typical atom is mọ = (55.9 a ) =9.28 x10” kg. Now 
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1.66 x 10 7 kg 
lu 


P1.12 (a) The mass of one molecule is mọ =18.0 | = 2.99 x10 ?? kg. The number of 


molecules in the pail is 


120k 
N pail = Maz D = =| 4.02 x 10” molecules |. 
mo  299x10 ^? kg 


(b) Suppose that enough time has elapsed for thorough mixing of the hydrosphere. 


M pai 1.20 k 
N both = N pail pel |= (4.02 x 10? molecules) aes ; 
total 132x10° kg 


or 
N poin =| 3-65 x 10* molecules |. 
Section 1.4 Dimensional Analysis 
P1.13 The term x has dimensions of L, a has dimensions of LY and t has dimensions of T. Therefore, the 


equation x =ka™t” has dimensions of 
ET) or =n 


The powers of L and T must be the same on each side of the equation. Therefore, 


L! =L” and | m 


I 
A 


I 
N 


Likewise, equating terms in T, we see that n — 2m must equal 0. Thus, | n . The value of k, a 


dimensionless constant, | cannot be obtained by dimensional analysis |. 


*P1.14 (a) Circumference has dimensions of L. 
(b) Volume has dimensions of L’. 
(c) Area has dimensions of L?. 


1/2 
Expression (i) has dimension L(L’) — L2, so this must be area (c). 
Expression (ii) has dimension L, so it is (a). 
Expression (iii) has dimension bi SE, , SO it is (b). Thus, | (a)=ii; (b) =iii, (c) =i |. 
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P1.15 (a) This is incorrect | since the units of [ax] are m? / s? , While the units of [v] are m/ s. 
(b) This is correct | since the units of [v] are m, and cos(kx) is dimensionless if [k] is in m”. 
Dae Dae on 
*P1.16 (a) anc or a=k represents the proportionality of acceleration to resultant force and 
m m 


the inverse proportionality of acceleration to mass. If k has no dimensions, we have 


F| L F M-L 
HKE. a eE] 
(b) In units, MELEE so 1 newton=1 kg-m/s? ; 
s 


P1.17 Inserting the proper units for everything except G, 


[em Sep 


s? [m : 


Multiply both sides by [m]^ and divide by [ke] ; the units of G are " 
8'$ 


Section 1.5 Conversion of Units 


*P1.18 Each of the four walls has area (8.00 ft)(12.0 ft) = 96.0 ft”. Together, they have area 


4(96.0 el 


2 
=| 35.7 m? |. 
P1.19 Apply the following conversion factors: 

1 in = 2.54 cm, 1 d=86 400 s, 100 cm 2 1 m, and 10? nm=1 m 


(2.54 cmyin)(107 m/cm)(10° nm/m) 


1 
— in/da =| 9.19 nm/s |. 
(s / y) 86 400 s/day 


This means the proteins are assembled at a rate of many layers of atoms each second! 


0.025 4m 


*P1.20 8.50 in? = 8.50 in 
in 


3 
=| 139x104 m? 


Chapter 1 


P1.21 Conceptualize: We must calculate the area and convert units. Since a meter is about 3 feet, we should 
expect the area to be about A ~ (30 m)(50 m)=1500 m?. 


Categorize: We model the lot as a perfect rectangle to use Area = Length x Width. Use the 
conversion: 1 m=3.281 ft. 


Analyze: A = LW = (100 ft) An Jaso a 


)- 1390 m? =| 1.39 x10? m? |. 
3.281 ft 


3.281 ft 


Finalize: Our calculated result agrees reasonably well with our initial estimate and has the proper 
units of m?. Unit conversion is a common technique that is applied to many problems. 


P122 (a) V = (40.0 m)(20.0 m)(12.0 m) = 9.60 x 10? m? 
V 29.60 x 10? m?(328 ft/1 m)? =| 3.39 x 10? ft? 


(b) The mass of the air is 


m= p,, V =(1.20 kg/m? (9.60x10? m?) - 1.15x10* kg. 
The student must look up weight in the index to find 
F, =mg - (115 x 10* kg)(9.80 m/s?) -1.13x10? N. 


Converting to pounds, 


F, =(1.13 10° N)(1 15/445 N) =| 254x110" Ib |. 


P1.23 (a) Seven minutes is 420 seconds, so the rate is 
A l 
E E -[734x10? gal/s |. 
420 s 
(b) Converting gallons first to liters, then to m?, 
237 08 
r-(714x10? gal/s) SL REN |e MS 
1 gal 1L 


r-|270x10* m?/s |. 


(c) At that rate, to fill a 1-m? tank would take 


3 
t= Em. |, 22s: 
2.70 x 10^ m?/s | 3 600 
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*P1.24 


P1.25 


P1.26 


*P1.27 


P1.28 


(a) Length of Mammoth Cave = 348 mi( 2) =| 560 km=5.60 x 10° m 2 5.60 x 107 cm |. 
(b) Height of Ribbon Falls = 1612 fe) =| 491 m=0.491 km - 4.91 x104 cm |. 

() Height of Denali = 20320 (en) =| 6.19 km=6.19 x10° m=6.19 x 10? cm |. 

(d) Depth of King’s Canyon =8 200 (en) =| 2.50 km = 2.50 x 10° m= 2.50 10° cm |. 


From Table 1.5, the density of lead is 1.13 x 10* kg / m° , so we should expect our calculated value to 
be close to this number. This density value tells us that lead is about 11 times denser than water, 
which agrees with our experience that lead sinks. 


Density is defined as mass per volume, in p = v We must convert to SI units in the calculation. 


3 
m 23.94¢ ( 1kg (2 e - [114x101 kg/m? 
2.10 cm? | 1000 g| 1m 


At one step in the calculation, we note that one million cubic centimeters make one cubic meter. Our 
result is indeed close to the expected value. Since the last reported significant digit is not certain, the 
difference in the two values is probably due to measurement uncertainty and should not be a 
concern. One important common-sense check on density values is that objects which sink in water 
must have a density greater than 1 g / cm? , and objects that float must be less dense than water. 


Itis often useful to remember that the 1 600-m race at track and field events is approximately 1 mile 
in length. To be precise, there are 1 609 meters in a mile. Thus, 1 acre is equal in area to 


n) 1 2 
(1 acre) sau sald 7 | =) 4.05 x10? m? |. 
640 acres mi 


The weight flow rate is 1 200 Eon aE í : n IE me) =| 667 lb/s |. 
h ton 60 min A 60s 


1 mi =1609 m=1.609 km; thus, to go from mph to km/h, multiply by 1.609. 


(a) 1 mi/h =| 1.609 km/h 


(b 55 mi/h=[ 88.5 km/h 


(c) 65 mi/h=104.6 km/h. Thus, Av =| 16.1 km/h |. 
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P1.29 (a) 6x10" $ a É a) EYE 190 years 
l 1000 $/s | 3600s | 24h | 365 days Z 


(b) The circumference of the Earth at the equator is 2n(6.378 x10° m) = 401x107 m. The length 


of one dollar bill is 0.155 m so that the length of 6 trillion bills is 9.30 x 10! m. Thus, the 
6 trillion dollars would encircle the Earth 


9.30 x 10 m 


=| 232x10* times |. 
401x07 m 


1.99 x10?? k 
Pià- Wo isi c 099 HU Kg 


=|119x10° atoms 
atoms mam 167x107 kg 


V 378x10? m? _ 


P1.31 V = At so t= 7 
A 25.0 m 


1.51x10™% m (or 151 um) 


1 [a.o acres)(43 560 ft? /acre)| 


P1.32 V=—Bh= (481 ft) 
3 3 


=9.08 x 107 ft?, 


-2 3 
v= (908x107 eee) ie 


3 
ui FIG. P1.32 


or 


=| 2.57x10° m? 


P133 . F, =(2.50 tons/block)(2.00 x 10° blocks)(2 000 Ib/ton) =| 1.00 x 10'? Ibs 


*P1.34 The area covered by water is 
2 
Ay = 0.70 Agartn = (070) (4 RE, ) = (0.70)(47(637 x 10° m) 236x107 m? . 


The average depth of the water is 
d = (2.3 miles)(1 609 m/l mile) = 3.7 x 10? m. 
The volume of the water is 


V = Aud - (3.6 10" m?)(3.7 x10? m] 2 13x10 m? 


and the mass is 


m= pV - (1000 kg/m? (13x10 m?)- | 13x10? kg |. 
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P1.35 


*P1.36 


P1.37 


P1.38 


P1.39 
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d 


atom, scale -15 300 ft 
(a) d nucleus, scale — d nucleus, [em] = (2.40 x10 mf — F 1071? m 


d nucleus, scale = (6-79 x 10? ft)(304.8 mmy/1 ft) =[ 2.07 mm 


ATT Aom 3 3 = 3 
(b) Vatom T: 3 En | TAtom | m | dtom | Es | 1.06 x10 ae m) 
3 u 
V, Pres Tnucleus d nucleus 2.40 x 10 m m 


nucleus 


=| 8.62x10P times as large 


=6.79x 10? ft, or 


scale distance real scale -3 
zi - (40510? km) EEE km 
between distance || factor 14x10? m 


The scale factor used in the "dinner plate" model is 


B 0.25 m 
1.0 x 10° lightyears 


=2.5x10° m/lightyears . 


The distance to Andromeda in the scale model will be 


Dai = DactuatS = (2.0 x 10° lightyears](2.5 x 10 * m/lightyears) = [5.0 m]. 


2 
2 6 
(a) Agarth T 47 Tearth = Earth = (6.37 x 10 mj(100 cm/m) -[1834 
AMoon 4r nae Moon 1.74x 108 cm 
LLL 5 ((637x105 m)(100 i 
(b) Varth _ 73. | Earth e ( di m)( em/ m) =| 491 
VMoon Ar oon TMoon 174x 10° em 


To balance, mg, =Ma] OF pg Vg, = PAVA 


(de nit 
Fe 3 Fe Al 3 Al 


1/3 1/3 
Tal =re( 2 = (2.00 cm ( 255.) =| 2.86 cm |. 
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P1.40 The mass of each sphere is 
Az Pata 
May = PaVa = 3 
and 
AT Prel Fe 
Myre = PreV Fe T Pre! 
3 
Setting these masses equal, 
A Paar = 47 prole and | rai rg, Pre 
3 3 Al 
Section 1.6 Estimates and Order-of-Magnitude Calculations 
P1.41 Model the room as a rectangular solid with dimensions 4 m by 4 m by 3 m, and each ping-pong ball 
as a sphere of diameter 0.038 m. The volume of the room is 4x 4x3 = 48 m? , while the volume of 
one ball is 
3 
(o5 =) =287 x10" m?. 
3 2 
: 48 eius : 
Therefore, one can fit about — — — ~| 10° | ping-pong balls in the room. 
2.87 x 10 
As an aside, the actual number is smaller than this because there will be a lot of space in the 
room that cannot be covered by balls. In fact, even in the best arrangement, the so-called “best 
packing fraction" is UI — 074 so that at least 26% of the space will be empty. Therefore, the 
above estimate reduces to 1.67 x 10 x 0.740 ~ 10°. 
P1.42 A reasonable guess for the diameter of a tire might be 2.5 ft, with a circumference of about 8 ft. Thus, 
the tire would make (50 000 mi)(5 280 ft/mi)(1 rev/8 ft) 2 3 x 107 rev — | 10 rev |. 
P1.43 In order to reasonably carry on photosynthesis, we might expect a blade of grass to require at least 


u in? = 43 x10? ft?. Since 1 acre = 43 560 ft”, the number of blades of grass to be expected on a 


quarter-acre plot of land is about 


total area (0.25 acre)(43 560 ft? /acre) 


n= = =o =2.5x10’ blades — | 107 blades |. 
area per blade 43x10? ft?/blade 
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P1.44 


*P1.45 


P1.46 


P1.47 


A typical raindrop is spherical and might have a radius of about 0.1 inch. Its volume is then 
approximately 4x107 in?. Since 1 acre = 43 560 ft”, the volume of water required to cover it to a 
depth of 1 inch is 


1 ft? 


4 f 2 $270) 
(1 acre)(1 inch) - (1 acre: zi DOE E m 
1 acre 


ES x 106 in?. 


The number of raindrops required is 


volume of water required 6.3 x 10° in? 


= -16x10?-|10? 


~ volume of a single drop ~ Ax10? in 


Assume the tub measures 1.3 m by 0.5 m by 0.3 m. One-half of its volume is then 
V =(0.5)(1.3 m)(0.5 m)(0.3 m) = 0.10 m? . 


The mass of this volume of water is 


Mwater = PwaterV 7 (1000 kg/m? (0.10 m?) - 100 kg| — 10? kg |. 


Pennies are now mostly zinc, but consider copper pennies filling 50% of the volume of the tub. The 
mass of copper required is 


V - (8920 kg/m? (0.10 m?) - 892 kg| —10? kg |. 


M copper = Popper 


The typical person probably drinks 2 to 3 soft drinks daily. Perhaps half of these were in aluminum 
cans. Thus, we will estimate 1 aluminum can disposal per person per day. In the U.S. there are ~250 
million people, and 365 days in a year, so 


(250 x 10° cans/day (365 days/year) =| 10! cans 


are thrown away or recycled each year. Guessing that each can weighs around 1/10 of an ounce, we 
estimate this represents 


(10! cans (0.1 oz/can)(11b/16 oz)(1 ton/2 000 Ib) 23.1x10? tons/year. | — 10? tons 


Assume: Total population — 10"; one out of every 100 people has a piano; one tuner can serve about 
1000 pianos (about 4 per day for 250 weekdays, assuming each piano is tuned once per year). 
Therefore, 


lpi 
# tuners ~ 1 une ee (107 people) =| 100 |. 
1000 pianos À 100 people 
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Section 1.7 Significant Figures 


*P1.48 METHOD ONE 
We treat the best value with its uncertainty as a binomial (21.3 + 0.2) cm (9.8 +0.1) cm, 


A - [21.3(9.8) € 21.3(0.1) + 0.2(9.8) + (0.2)(0.1)] cm? . 


The first term gives the best value of the area. The cross terms add together to give the uncertainty 
and the fourth term is negligible. 


A-|209 cm? £4 cm? |. 


METHOD TWO 
We add the fractional uncertainties in the data. 


A - (21.3 cm)(9.8 cm) (25 * 2) = 209 cm? + 2% = 209 cm? + 4 cm? 
P1.49 (a) zr? 2 n(10.5 m£0.2 m)? 


=" [105 m)? + 2(10.5 m)(0.2 m) + (0.2 m] 


=| 346 m? +13 m? 


(b) 2zr =2n(10.5 m + 0.2m)=| 66.0 m+1.3 m 


P150 (a) 3 (b) 4 (c) 3 (d) 2 


P1.51 r = (6.50 +0.20) cm = (6.50 + 0.20) x10 ? m 
m = (1.85 + 0.02) kg 


Sp m 3ór 
p qm Kc 


In other words, the percentages of uncertainty are cumulative. Therefore, 


óp _ 0.02 3(020) 
p 185 650 


=0.103, 


=|1.61x10° kg/m? | 


and 


p+6p=| (1.61+0.17)x10° kg/m? |=(1.6 +0.2)x10? kg/m’. 
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P152 (a) 7560» 
3722 

0.83 

+ 2.5? 


796.53 =| 797 


(D 0.003 2(2 s.f.) x 356.3(4 s.£) 21114016 = (2 s.f.) [11 


(c) 5.620(4 s.f.) x 2(>4 s.£.) 217.656 = (4 s.f.) | 17.66 


*P1.53 We work to nine significant digits: 


242199 d i 
PEP sre E EJE i ous )- 31556 926.0 s |. 
1yr 1d 1h 1 min 


P1.54 The distance around is 38.44 m +19.5 m + 38.44 m +19.5 m = 115.88 m, but this answer must be 
rounded to 115.9 m because the distance 19.5 m carries information to only one place past the 


decimal. | 115.9 m 


P1.55 V 22V,42V, = 2(V, + V. 416.6 ae ——À 
V T 35 ! aoe (0.09 m) - 170 m° — 
1 =(17.0 m+1.0 m+1.0 m)(1.0 m)(0.09 m) = 1.70 m g Y 
V, = (10.0 m)(1.0 m)(0.090 m) = 0.900 m? | Aa | 
3 3 3 7 a 
V - 2(170 m? 40.900 m E 52m oig 
FIG. P1.55 
OE LU, iea 
0, 190m 
Ow O0lm 010 oY 0006 0.010: 0.011 = 0.027 =) 3% 
w, 10m V 
LL 0.1 cm -0.011 
tı 9.0cm 


Additional Problems 
P1.56 Itis desired to find the distance x such that 


x _ 1000 m 
100 m x 


(i.e., such that x is the same multiple of 100 m as the multiple that 1 000 m is of x). Thus, it is seen that 
x? = (100 m)(1000 m) = 1.00 x 10? m? 


and therefore 


x 241.00x10? m? =| 316 m |. 


*P1.57 


P1.58 


P1.59 
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Consider one cubic meter of gold. Its mass from Table 1.5 is 19 300 kg. One atom of gold has mass 


1.66x10 7 k 
m= 097 a = E sanae? kg. 
u 


So, the number of atoms in the cube is 


19 300 kg 


= — = 5.90 x 10”. 
3.27 x10” kg 


The imagined cubical volume of each atom is 


3 1m? 


= 590x109 = 1.69 x 10 m? . 
5 x 


So 


d-2/257x10 m l. 


A total = (N)(Aarop } = n pes = st oo 


drop 3 
P - (“wats 300x105 m^). "INS 
M Oe 200x10? m 


One month is 
1 mo - (30 day)(24 h/day)(3 600 s/h) = 2.592 x 10° s. 
Applying units to the equation, 


V - (150 Mft? /mo)t «(0.00800 Mft? /mo?)??. 
Since 1 Mft? - 106 ft?, 
V - (150105. ft*/mo)t «(0.00800 x 105 ft?/mo?)??. 
Converting months to seconds, 


1.50 x10° ft?/mo , „ 9008 00 x 10° ft?/mo? 


2 i 
2.592 x 10° s/mo (2.592 x 10° s/mo) 


Thus, 


V [f?] - (0.579. £t?/s)t-- (11910? ft3/s*)t? |. 
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P1.60 


P1.61 


*P1.62 


P1.63 


Azr-150m 
r = 2.39 m 


i = tan 55.0? 


- 
h - (2.39 m)tan(55.0°) =| 3.41 m 


FIG. P1.61 


Let d represent the diameter of the coin and h its thickness. The mass of the gold is 


2 


2nd 
mpi pát =A E em 


where t is the thickness of the plating. 


2 
m= 132,02. ays os x10) 


— 0.003 64 grams 


cost = 0.003 64 grams x $10/gram = $0.036 4 = 


This is negligible compared to $4.98. 
The actual number of seconds in a year is 


86 400 s/day (365.25 day/yr) = 31557 600 s/yr. 
y y/y y 


The percent error in the approximation is 


|(zx107 s/yr)- (31557 600 s/yr)| 
31557 600 s/yr 


x 100% =| 0.449% |. 


Chapter 1 
P1.64 (a) [V]- D, [A] 2 Z2, [n] » L 


[]-[A]I^] 


I? = L°L=L’. Thus, the equation is dimensionally correct. 


(b) V. 


yiinder = z Rh - (e R?)h- Ah, where | A= 2 R 


V 


rectangular object 


= (wh - (£w)h- Ah , where | A= £w 


P1.65 (a) The speed of rise may be found from 


_ (Vol rate of flow) _ 16.5 cm? /s E 
U ; um 0.529 cm/s |. 


(Area: 77) 7 


(b) Likewise, at a 1.35 cm diameter, 


3 
ja 16.5 cm /s 7 


(1.35 cm)? 
4 


11.5 cm/s |. 


P1.66 (a) 1 cubic meter of water has a mass 


m= pV - (00x10? kg/cm°)(1.00 m? 10? m/m) - [1000 kg 


(b) As a rough calculation, we treat each item as if it were 100% water. 


4 1 1 EN 
cell: m= pv =o aR -f 22D*)=(1 000 kg/m? 22 10x10 é m) 


-|5.2x10 15 kg 


kidney: m-pV- As zm -(100x10? kg few (2 ao cm)? 


0.27 kg 


fly: m- Aion) - (1 x10? kg/cm? (jac mm)’ (4.0 mm)(10 cm/mm)? 


=| 1.3 x10” kg 


(108 cars)(10* mi/yr) 
20 mi/gal B 


P1.67 Vin mpg = 5.0x 10 gal/yr 


(10° cars)(10* mi/yr) 
25 mi/gal 


V35 mpg = =4.0x10" gal/yr 


Fuel saved = V95 mpg — V20 mpg =| 1.0 x10" gal/yr 


17 


18 


P1.68 


P1.69 


P1.70 


P1.71 


Physics and Measurement 


s suo furlongs 220 yd \ 0.9144 m \ 1 fortnight [; | 1hr N 832x107 m/s 
fortnight À 1 furlong 1yd 14days A24 hrs J| 3600s 


This speed is almost 1 mm/s; so we might guess the creature was a snail, or perhaps a sloth. 


The volume of the galaxy is 
2 
z r^t - z(10?* m) (10? m)~ 10% m?. 
If the distance between stars is 4x 101 m, then there is one star in a volume on the order of 


(4x 10"° mJ — 109 m3, 


1098! m? 


—{—,,——~| 10" stars |. 
10? m? /star 


The number of stars is about 


The density of each material is p = Lm i: = eal . 
V mrh zD'h 


Al: = s =| 2.75 —— The tabulated value | 2.70 —— | is | 2% | smaller. 
(2.52 cm) (3.75 cm) cm cm 
4(56.3 
Cu: = ( 2 8) =| 9.36 6 - The tabulated value (ssa 5 - is | 5% | smaller. 
7(1.23 cm)" (5.06 cm) cm cm 
4(94.4 
Brass: p= ( J 8) =| 8.91 A 
z(1.54 cm)" (5.69 cm) cm 
4(69.1 
Sn: p= ( 2 8) =| 7.68 a 
z(1.75 cm) (3.74 cm) cm 
4(216.1 g) g g \. 
Fe: p= 7 =| 7.88 — The tabulated value | 7.86 —, | is | 0.3% | smaller. 
(1.89 cm)" (9.77 cm) cm cm 


(a) (3600 s/hr)(24 hr/day)(365.25 days/yr) =| 316x107 s/yr 


3 
(b) Vm -Aan = Í (5.00%107 m) -524x107P m? 
Vache 1 m? 


m 524 x 10 P n? =1.91 x10! micrometeorites 
mm LTX m 


18 . . 
1.91x 10 micrometeorites _ 6.05x10™ yr |. 


This would take 


3.16 x10’ micrometeorites/yr 
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ANSWERS TO EVEN PROBLEMS 


P1.2 5.52x10° kg/m? , between the densities P1.34 1.3 x 10?! kg 
of aluminum and iron, and greater than 
the densities of surface rocks. P1.36 200 km 
P1.4 23.0 kg P1.38 (a) 13.4; (b) 49.1 
1/3 
P1.6 7.69 cm 
P1.40 — ry- «(2 Fe 
P1.8 (a) and (b) see the solution, " 
N, =6.022 137 x 10”; (c) 18.0 g; , 
: ~1 
(d) 44.0 g P1.42 0^ rev 
144 ~10? rai 
P110 (a) 9.83 x107 g; (b) 1.06 x 107 atoms E VE ramdrops 
35 P1.46 — 10! cans; ~10° tons 
P1.12 (a) 4.02 x 10^? molecules; 
(b) 3.65 x 10* molecules P1.48 (209 + 4) cm? 


P114 — (a) it; (b) itt; (Qi PL50 (a) 3; (b) 4; (93; (d) 2 


P116 (a) 


= ; b) 1 newton =1 kg m/s? P1.52 (a)797; (b) 1.1; (c) 17.66 


P1.54 1159 m 
P1.18 357 m? 


P1.56 316m 
P1.20 1.39 x 10+ m? 


P1.58 4.50 m? 
P1.22 (a) 3.39 x 10° ft? ; (b) 2.54x10* Ib 
P1.60 see the solution; 24.6? 


P124 (a) 560 km=5.60 x 10° m=5.60 x10” cm; 
(b) 491 m=0.491 km= 491 x 104 cm; P1.62 3.64 cents; no 
(c) 6.19 km=6.19 x 10? m=6.19 x 10? cm; 


P1.64 see the solution 
(d) 2.50 km = 2.50 x 10? m= 2.50 x 10? cm 


P1.66 (a) 1 000 kg; (b) 5.2 x107% kg; 0.27 kg ; 


P1.2 4.05 x 10° m? 
ib 13x10? kg 


P128 (a)l mi/h=1.609 km/h; (b) 88.5 km/h; 
(c) 16.1 km/h P1.68 . 832x10 m/s; a snail 


P1.30 1.19 x 10? atoms P1.70 see the solution 


P1.32 2.57 x 108 m? 


Q2.5 


Q2.6 


Q2.7 


Motion in One Dimension 


ANSWERS TO QUESTIONS 


Q2.1 If Icount 5.0 s between lightning and thunder, the sound has 
traveled (331 m/s)(5.0 s) - 17 km. The transit time for the light 


is smaller by 


8 
SOUT XI onesie ames: 
331 m/s 


so it is negligible in comparison. 
Q2.2 Yes. Yes, if the particle winds up in the +x region at the end. 
Q2.3 Zero. 


Q2.4 Yes. Yes. 


No. Consider a sprinter running a straight-line race. His average velocity would simply be the 
length of the race divided by the time it took for him to complete the race. If he stops along the way 
to tie his shoe, then his instantaneous velocity at that point would be zero. 


We assume the object moves along a straight line. If its average 
velocity is zero, then the displacement must be zero over the time 
interval, according to Equation 2.2. The object might be stationary 
throughout the interval. If it is moving to the right at first, it must 
later move to the left to return to its starting point. Its velocity must 
be zero as it turns around. The graph of the motion shown to the 
right represents such motion, as the initial and final positions are 
the same. In an x vs. t graph, the instantaneous velocity at any time 
tis the slope of the curve at that point. At tọ in the graph, the slope 
of the curve is zero, and thus the instantaneous velocity at that time ; , 
is also zero. A 

FIG. Q2.6 


Yes. If the velocity of the particle is nonzero, the particle is in motion. If the acceleration is zero, the 
velocity of the particle is unchanging, or is a constant. 
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Q2.8 


Q2.9 


Q2.10 


Q2.11 


Q2.12 


Q2.13 


Q2.14 


Q2.15 


Q2.16 


Yes. If you drop a doughnut from rest (v =0), then its acceleration is not zero. A common 
misconception is that immediately after the doughnut is released, both the velocity and acceleration 
are zero. If the acceleration were zero, then the velocity would not change, leaving the doughnut 
floating at rest in mid-air. 


No: Car A might have greater acceleration than B, but they might both have zero acceleration, or 
otherwise equal accelerations; or the driver of B might have tramped hard on the gas pedal in the 


recent past. 


Yes. Consider throwing a ball straight up. As the ball goes up, its 


velocity is upward (v > 0), and its acceleration is directed down á 
(a «0). A graph of v vs. t for this situation would look like the figure 
to the right. The acceleration is the slope of a v vs. t graph, and is 
always negative in this case, even when the velocity is positive. 
t 
FIG. Q2.10 
(a) Accelerating East (b) Braking East (c) Cruising East 
(d) Braking West (e) Accelerating West (f) Cruising West 


(g) Stopped but starting to move East 
(h) Stopped but starting to move West 
No. Constant acceleration only. Yes. Zero is a constant. 
The position does depend on the origin of the coordinate system. Assume that the cliff is 20 m tall, 
and that the stone reaches a maximum height of 10 m above the top of the cliff. If the origin is taken 
as the top of the cliff, then the maximum height reached by the stone would be 10 m. If the origin is 
taken as the bottom of the cliff, then the maximum height would be 30 m. 

The velocity is independent of the origin. Since the change in position is used to calculate the 


instantaneous velocity in Equation 2.5, the choice of origin is arbitrary. 


Once the objects leave the hand, both are in free fall, and both experience the same downward 
acceleration equal to the free-fall acceleration, -g. 


They are the same. After the first ball reaches its apex and falls back downward past the student, it 
will have a downward velocity equal to v;. This velocity is the same as the velocity of the second 
ball, so after they fall through equal heights their impact speeds will also be the same. 


With h=— gt’, 
2 
(a) 0.5h = 5 8(0.7071)", The time is later than 0.5t. 


(b) The distance fallen is 0.25h = i 9(0.5t)’. The elevation is 0.75h, greater than 0.5h. 
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Q2.17 Above. Your ball has zero initial speed and smaller average speed during the time of flight to the 
passing point. 


SOLUTIONS TO PROBLEMS 


Section 2.1 Position, Velocity, and Speed 


P2.1 (a) v=| 2.30 m/s 
Ax 57.5 m-9.20 m 
b =— = =| 16.1 
po Sm 
Ax 57.5 m-0m 
=— =- -|115 m/s 
At 5.00 s [115 m/s 


— 
e 
— 

is] 


1 
*P2.2 (a) v= ae = dt í E mew -|2x107 m/s | or in particularly windy times 
At 1yr (3.281 ft A 3.156 x10’ s 
1 
p= ORL 1m I LN )- 1x10* mjs]. 
At 1yr \3.281 ft A 3.156x 10^ s 
(b) The time required must have been 


At = 5x10? yr |. 


Ax | 3000mi (1609 mY 10? mm) _ 
v 10 mm/yr 


1 mi 1m 


P23 (a) p- a [S m/s] 
e oin [zm] 


i 
P2.4 x=10t2: For i 
x(m) 


ll 
B 
[am 
E 
Ó 
No} 
oO 


Ax 50m 
a v=—= 50.0 m/s 
(a) ane 


Ax 41m _ 


At 01s 
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P2.5 (a) 


(b) 


Section 2.2 


P2.6 (a) 


(b) 


(c) 


P2.7 (a) 


(b) 


(c) 


Let d represent the distance between A and B. Let t, be the time for which the walker has 


d 
the higher speed in 5.00 m/s = E Let t, represent the longer time for the return trip in 
1 


-3.00 m/s = 2. Then the times are t, = LL enc and t, = — The average speed 
ty (5.00 m/s) (3.00 m/s) 
is: 
Total distance d+d 2d 
= i (d d — ^ (8.00 m/s) 
Total time (5.00 m/s) T (3.00 m/s) {15.0 m?/s?) 
2(15.0 m?/s? 
| / ) =| 3.75 m/s 


8.00 m/s 


She starts and finishes at the same point A. With total displacement = 0, average velocity 
=|0]. 


Instantaneous Velocity and Speed 


At any time, t, the position is given by x = (3.00 m/ sy. 
Thus, at t; = 3.00 s: x, - (3.00 m/s?J(3.00 s)? =| 27.0 m . 


At £j 23.00 s+ At: x; =(3.00 m/s? (3.00 s+ At)”, or 


x, =| 27.0 m+(18.0 m/s)At + (3.00 m/s? (At)? ; 


The instantaneous velocity at t = 3.00 s is: 


v= as [23- Jim (18.0 m/s +(3.00 m/s”)at) - [180 m/s |. 


at t; 21.5 s, x; 2 8.0 m (Point A) x (m) 
at t; 2 40s, x, 220 m (Point B) 12 
10 
C\A 


Xp —Xj (2.0 -8.0) m 6.0 m 
V= = = = 
Eg — tj (4-15)s 25s 


2.4 m/s 


The slope of the tangent line is found from points C and D 
D. (tc 210 s, xc 29.5 m) and (tp 23.5 s, xp 20), (s) 


012 3456 


v=| -3.8 m/s |. 


FIG. P2.7 


The velocity is zero when x is a minimum. This is at f =| 4s |. 


P2.8 


P2.9 


*P2.10 


(a) 


(b) 


(d) 


(a) 


(b) 


(c) 


(d) 


Once it resumes the race, the hare will run for a time of 


x (m) 


v (m/s) 
20 
0 
0 
At t=5.0 s, the slope is v = 2n =| 23 m/s 
25s 
At t = 40 s, the slope is vaa 18 m/s 
s 
At t =3.0 s, the slope is v= EE z| 14 m/s 
3.45 
At t=2.0 s, the slope is v= T =| 9.0 m/s 
s 


RAR =| 4.6 m/s? 
At 


Initial velocity of the car was | zero |. 


.(5-20)m . 
d E | 5 m/s 


Ae (er |) pc ae 


Fe T —2.5 m/s 
(5m—5 m) 

U—————————0 
(5s—4s) 

_ 0=(-5'm) 

T (BETA =|+5 m/s 


t= 


X¢—X; 1000m-800m | 


25s 


Ox 


8 m/s 


In this time, the tortoise can crawl a distance 


xy =x; = (02 m/s25 s) = 


5.00 m |. 
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FIG. P2.9 
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Section 2.3 


P2.11 


P2.12 


*P2.13 


Acceleration 


Choose the positive direction to be the outward direction, perpendicular to the wall. 


(a) 


(b) 


(a) 


Av 220 m/s—(—25.0 m/s) _ 


5 134x10* m/s? |. 
At 350x10 * s 


0g = 0; tat: a= 


Acceleration is constant over the first ten seconds, so at the end, 


o, =v; + at =0+ (2.00 m/s”\(10.0 s)=| 20.0 m/s |. 


Then a — 0 sov is constant from t= 10.0 s to t= 15.0 s. And over the last five seconds the 
velocity changes to 


0, =v; + at = 20.0 m/s+(3.00 m/s*)(5.00 s)=| 5.00 m/s |. 


In the first ten seconds, 
1 2 1 2 2 
x, =x; vial =0+0 +5 (2.00 m/s? (10.0 s)* =100 m. 
Over the next five seconds the position changes to 
Xp =X, + 0+ QU =100 m+ (20.0 m/s)(5.00 s)+0 = 200 m. 


And at t — 20.0 s, 


xy ix oit+ at? = 200 m + (20.0 m/s)(5.00 5) +5(-3.00 m/s?(5.00 s)? =| 262 m J. 


: deste vets, vdi led . ; 
The average speed during a time interval At is v — sance ave EM During the first 


quarter mile segment, Secretariat's average speed was 


250mi 1320 f 
9,090 0E. O n | 95.6 ai; 


25.2s 25.2s 


During the second quarter mile segment, 


—. 1320 ft : 
x MER 55.0 ft/s | (37.4 mi/h). 


For the third quarter mile of the race, 


1320 ft 


nee -[555 ft/s | (377 mi/h), 


03 


and during the final quarter mile, 


— 1320 ft : 
"cc 57.4 ft/s | (39.0 mi/h). 


continued on next page 


P2.14 


P2.15 


(b) 


(a) 


(b) 
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Assuming that v, = v, and recognizing that v; = 0, the average acceleration during the race 


was 
" Uf —Uj 57.4 ft/s — 0 
f “i 2 
a= = =| 0.598 ft/s* |. 
total elapsed time — (25.2-- 24.0 + 23.8 + 23.0) s 
Acceleration is the slope of the graph of v vs t. a (m/s?) 


For 0<t<5.00s,a=0. 
For 15.0s<t<20.0s,a=0. 


v 
For 5.0s<t<15.0 s,a= ie 
t; —t; 


. 8.00—(—8.00) 


—1.60 m/s? 
15.0 — 5.00 


FIG. P2.14 


We can plot a(t) as shown. 


[2 ir 


(i) For 5.00 s «t «15.0 s, t; —5.00 s, v; = —8.00 m/s, 


tr =15.0 S 
v, = 8.00 m/s 


v,—v; 8.00- (-8.00) 2 
a= = =| 1.60 m/s” |. 
Lon ios LEES] 


(ii) t; 20, v; 2 —8.00 m/s, ty = 20.0 s, v, —8.00 m/s 


07-0; 800—(-800) _ ; 
uc 200—0 = [0.800 m/s? | 


d do 


x =2.00+3.00t—t?, v= * = 3.00 2.00t, a = — = —2.00 
dt dt 
At £— 3.00 s: 


(a) 


(b) 


(c) 


x = (2.00 + 9.00 — 9.00) m=] 2.00 m 
v —(3.00—6.00) m/s =| —3.00 m/s 
a =| —2.00 m/s? 


28 


P2.16 


P2.17 


Motion in One Dimension 


(a) 


(b) 


(c) 


(d) 


(a) 


(b) 


(c) 


(d) 


Section 2.4 


P2.18 


(a) 


(b) 


(c) 


(d) 


(e) 


At t=2.00 s, x= [3.00(2.00)7 — 2.00(2.00) + 3.00] m-—110 m. 


At t=3.00 s, x= [3.00(9.00)” — 2.00(3.00) + 3.00] m= 24.0 m 


so 


Ax 240m-110m 
v= = =| 13.0 m/s |. 
At | 3.00s—2.00s EET 
At all times the instantaneous velocity is 


v= = (3.0017 — 2.001 + 3.00) = (6.00t — 2.00) m/s 


At t= 2.00 s, v = [6.00(2.00) — 2.00] m/s =] 10.0 m/s |. 
At t= 3.00 s, v — [6.00(3.00) — 2.00] m/s =| 16.0 m/s |. 


. Av 3160 m/s—10.0 m/s 2 
E. —[600 
"M —O800s-200s [600 m/s* | 


At all times a= “(6.00 — 2.00) =| 6.00 m/s? . (This includes both t = 2.00 s and t= 3.00 s). 


Av 800 m/s : 
LS -[13 
FIUNT 600s [13 m/s? | 


Maximum positive acceleration is at t=3 s, and is approximately | 2 m/ s? |, 


a=0,at}t=6s ,andalsofor t»10s |. 


Maximum negative acceleration is at t =8 s, and is approximately | —1.5 m/ s? |. 


Motion Diagrams 


— ği (> o | — = reading order 


=> = velocity 


>_> m | — = . 
>> c s => = acceleration 


> 
—Ó—|—[-— | 
E < < E 


-— |o] S|] 
<= < 


A 
hy S 
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(f) One way of phrasing the answer: The spacing of the successive positions would change 
with less regularity. 
Another way: The object would move with some combination of the kinds of motion shown 
in (a) through (e). Within one drawing, the accelerations vectors would vary in magnitude 
and direction. 


Section 2.5 One-Dimensional Motion with Constant Acceleration 


P2.19 


P2.20 


P2.21 


*P2.22 


2 
From v? = v; + 2ax, we have (10.97 x10? m/s) =0 + 2a(220 m), so that | a = 274x 10? m/s? | 


which is | a = 2.79 x10* times g |. 


(a) Xy-xX;— Bo +05) becomes 40 m= Bc +2.80 m/s)(8.50 s) which yields v; =| 6.61 m/s |. 


0; —Vj 280 m/s—6.61 m/s 


0.448 m/s? 
t 8.50 s 


(b) ü- 


Given v; 2120 cm/s when x; —3.00 cm(t — 0), and at t= 2.00 s, x, = —5.00 cm, 


x,—3x;— 0+ QU —5.00 — 3.00 = 12.0(2.00) + 5 a(2.00) 


(320 _ 
2 


—8.00 = 24.0 + 2a a= —16.0 cm/s? |. 


(a) Let i be the state of moving at 60 mi/h and f be at rest 


Oy = v? +2a (x -xij) 


0=(60 mi/h)^ «2a, (21 ft-0) 1 
5 280 ft 


S| 1h - 218 miks 


22h? \ Imi 3600s 
(1609 mY 1h 3 
--218 mi/h: -[-975 ; 
mM ( Imi Js] ES 


(b) Similarly, 
0 - (80 mi/h)” «2a, (211 ft—0) 
6 400(5 280) 


: : 2 
a, "4233 600) mi/h-s=| —22.2 mi/h-s =—9.94 m/s l. 


(c) Let i be moving at 80 mi/h and f be moving at 60 mi/h. 
Oy = v? + 2a (x, = x) 
(60 mi/h)^ - (80 mi/h)^ 42a, (211 ft 121 ft) 
2 800(5 280) 


a, --—— ————- mi/h:s =| -22.8 mi/h.s- —10.2 m/s? |. 
*  2(90)(3 600) / / / 
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*P2.23 (a) Choose the initial point where the pilot reduces the throttle and the final point where the 
boat passes the buoy: 


x; 20, x, 2100 m, vy; 230 m/s, v,, =?, ay 2—3.5 m/s”, t=? 
NE 
Xp =X; + t+ ay p 
2 
100 m=0+ (30 m/s —(-35 m/s? Je? 


(1.75 m/s*)t? —(30 m/s)t +100 m=0. 


We use the quadratic formula: 


—b + Vb? — 4ac 


2a 


t= 


" 30 m/s =e {900 fis. —4(175 m/s? (100 m) E 30 m/s+ 141 m/s 


t= =12.6 s or | 4.53 s |. 
2(1.75 m/s?) 3.5 m/s? no : 


The smaller value is the physical answer. If the boat kept moving with the same acceleration, 
it would stop and move backward, then gain speed, and pass the buoy again at 12.6 s. 


(b) 0, =V t 4, = 30 nys - (3.5 m/s?)453 s=| 141 m/s 


P2.24 (a) Total displacement = area under the (v, t) curve from t=0 
to 50s. 


Ax 5(50 m/s)(15 s) - (50 m/s)(40 — 15) s 


+260 m/s)(10 s) 


Ax =| 1875 m 


(b) From f — 10 s to t= 40 s, displacement is 


Ax (50 m/s 433 m/s)(5 s) - (50 m/s)(25 s) 2| 1457 m |. 


Ao  (50—0) m/s 2 
0<t<15s:a,= = =/3.3 
© SERS A o 1590 m/s 
15s<t<40s:) a,=0 


Av (0-50) m/s | 
At  50s-40s — 


40 s<t<50s: az = 5.0 m/s? 


continued on next page 


(d) 


(e) 


P225 (a) 


(b) 


Chapter 2 


(i) xi =0+50,P =5(33 m/s” )t? or | x = (1.67 m/s” \t? 


(ii) 45 -jü5 s)[50 m/s—0]+(50 m/s)(t —15 s) or | x; =(50 m/s)t -375 m 


(iii) For 40 s E t € 505, 


pm under v vs | 1 5 
3 = 


5 a3(t—4 t—4 
from t=0 to 40 s taal 0 s) --(50 m/s)( 0s) 


or 
x3 =375 m+1250 m+5(-50 m/s? Kt — 40 s)” +(50 m/s)(t — 40 s) 


which reduces to 


| x3 = (250 m/s)t - (2.5 m/s? JP? -4375m |. 


_ total displacement 1875 m 
v= = =| 37.5 m/s 
total elapsed time 50s 
Compare the position equation x = 2.00 + 3.00t — 4.00Ł? to the general form 
13 
Xr =X; TUP IS 


to recognize that x; = 2.00 m, v; =3.00 m/s, and a = —8.00 m/ s?, The velocity equation, 
Vp =; +at,is then 


v =3.00 m/s—(8.00 m/s”). 


The particle changes direction when v, =0, which occurs at t = s. The position at this 


time is: 


x = 2.00 m+ (3.00 mys = sJ- (oo m/s? = jJ -[256 m]. 


ERE 2vj 
From x, =x; t vt + lap, observe that when x; = x; the time is given by t= qet Thus, 
a 


when the particle returns to its initial position, the time is 


= —2(3.00 m/s) 3 
= —800 m/s? 4 


and the velocity is v; =3.00 m/s— (8.00 m/s*\ 3 JE | -3.00 m/s ]. 
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*P2.26 The time for the Ford to slow down we find from 


Xp =X; es + Dy Jt 


2Ax 2(250 m) 
E Uy + Ug 75 m/s +0 


t — 6.99 s. 


Its time to speed up is similarly 


2(350 m) 


0-4- 71.5 m/s 


The whole time it is moving at less than maximum speed is 6.99 s + 5.00 s +9.79 s = 21.8 s. The 
Mercedes travels 


1 1 
Xx, =H; + ls +0, )t=0+ 5 (715 + 71.5)(m/s)(21.8 s) 
=1558 m 


while the Ford travels 250 + 350 m= 600 m, to fall behind by 1558 m—600 m=] 958 m |. 


P2.27 (a) v; =100 m/s, a=—5.00 m/s”, v, — vj - at so 0=100—5t, v? =v; + 2a(x ; — x;) so 
0 =(100)* — 2(5.00)(x, —0). Thus x, =1 000 m and t — | 200 s ]. 


(b) At this acceleration the plane would overshoot the runway: | No |. 


P2.28 (a) Take t; =0 at the bottom of the hill where x; —0, v; = 30.0 m/s, a = —2.00 m/ s? . Use these 
values in the general equation 


1 
X, =x, bot oat 


to find 
x =0+(30.0¢ m/s)+ 5 (-2.00 m/s” \t? 


when f is in seconds 


xy =(30.0t—t*) m |. 


To find an equation for the velocity, use v, = v; + at 230.0 m/s + (-2.00 m/ s?)t, 


v p = (30.0 — 2.00t) m/s |. 
f 


(b) The distance of travel x; becomes a maximum, Xmax, when v, =0 (turning point in the 
motion). Use the expressions found in part (a) for v, to find the value of t when x, has its 


maximum value: 


From v, =(3.00—2.00t) m/s, v; =0 when ¢= 15.0 s. Then 


Xmax = (30.0¢ — #7) m = (30.0)(15.0) — (15.0)? =| 225 m |. 
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P2.29 In the simultaneous equations: 
Oxf — 04 + At Vy — v, — (5.60 m/s)(4.20 s) 
1 we have 1 
Xp Xj xpi + vy )t 62.4 m= 5 (vx + v, (4.20 s) 


0 +(56.0 m/s?)(4.20 s) - v, 


So substituting for v,; gives 62.4 m= (4.20 s) 


149 m/s-v, +5(6:60 m/s*)(4.20 s). 


Thus 


vy =| 3.10 m/s |. 


Ong = Ui ta 


P2.30 Take any two of the standard four equations, such as . Solve one for v,;, and 


1 
Xg —X; = 5 (s tuy )t 


substitute into the other: v,; =v —a,t 
1 
Xf — Xj EE, —a,tt+vy)t. 


Thus 


1 
Xf — Xj = ost Fast 


-i(s6o m/s? (4.20 s)? 


62.4 m— 49.4 m 
= =] 3.10 m/s |. 
Oxf 420 s [340 nys | 


Back in problem 29, 62.4 m = 0,,(4.20 s) 


5 280 


-v 8322-5 
_ UF Oj (5256) B 2]. 2 
P231 (a) ice m -662 ft/s? |- -202 m/s 


5 280 
3 600 


(b) xv at? = sod Jon ; (6620.40)! =| 649 ft |-| 198 m 
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P2.32 (a) The time it takes the truck to reach 20.0 m/s is found from v, = v; +at. Solving for t yields 


| .Uy—Vj 20.0 m/s—0 m/s 


t 
ü 2.00 m/s? 


— 10.0 s. 


The total time is thus 


10.0 s+ 20.0 s+5.00 s=] 35.0 s |. 


(b) The average velocity is the total distance traveled divided by the total time taken. The 
distance traveled during the first 10.0 s is 


x == (: $ IU Jem —100 m. 
With a being 0 for this interval, the distance traveled during the next 20.0 s is 
X =V + Zat? = (20.0)(20.0) 4- 0 = 400 m. 


The distance traveled in the last 5.00 s is 


x, =t= a Jeom — 50.0 m. 


The total distance x = x, + x3 + x4 = 100 + 400 + 50 = 550 m, and the average velocity is 
x 550 

i by v =—=——=| 15.7 m/s |. 

EA QUEE EE 7 / 


P233 We have v; = 2.00x10* m/s, v; =6.00x10° m/s, x, —x; 21.50x10 ? m. 


2(x , — x,) 2(150x10 ? m) 


E i z——-|498x10 s 
Vi Ur 2.00x10" m/s+6.00x10° m/s 


(a) xx = 5 neoj)rt- 


(b) v? =0; *2a,(x, - x;): 


2 2 

2.02 (600x105 m/s) -(2.00x10* m/s 
j ncm 3l is} -( ; Bic. 120x105 m/s? | 
Xx, - xj) 2(1.50 x 107 m) 


*P2.34 


*P2.35 


(a) 


(b) 


(a) 


(b) 


(d) 


(e) 


Chapter 2 
Uy = v5 2a, (x, — x;): [o.01(3 x10 mys) =0+2a,(40 m) 
(3105 m/s) 


a, a aa 112x10" m/s? | 


We must find separately the time t, for speeding up and the time f, for coasting: 


1 1 
x; 7x =F (Dap + Pra)! 40 m= >(3x10° m/s+0)t, 
t, 72.67 x10? s 
x t: 60 m=2(3x10° 3x 10° t 
Xp —X; = 5 (ey +0,i) 2 m= > x m/s+3x m/s) 2 
t, = 2.00 x10” s 


total time =| 4.67x10™ s |. 


Along the time axis of the graph shown, let i=0 and f =t,,. Then vy — 0,; +a,t gives 
0, =04+4, ty, 


Ue 
n= 
m i 
The displacement between 0 and t, is 
1 2 lv 2 1 
ru ae aa mol € 2-7 


m 


The displacement between t,,, and f, is 
125 
Hou cO ET — o (tg — t,,) +0. 


The total displacement is 


2 


1 1 
Ax 2 —U,f,, + U fg - 0 t, = a(t tm | 


For constant v, and tọ, Ax is minimized by maximizing t,,, to t,, — tj. Then 


1 
AX min = v(t — 7 fo - 


Veto 
2 


This is realized by having the servo motor on all the time. 


We maximize Ax by letting t,, approach zero. In the limit Ax = v, (ty — 0) — | veto |. 


This cannot be attained because the acceleration must be finite. 
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*P2.36 Let the glider enter the photogate with velocity v; and move with constant acceleration a. For its 
motion from entry to exit, 


1 
£=0+ Vj A, ela = Ug Ag 
1 
Ug =V; + EE. 
(a) The speed halfway through the photogate in space is given by 


f 
v? =v + uz) 02 +av,At,. 


Uns —402 +av,At, and this is not equal to v; unless a —0. 


(b) The speed halfway through the photogate in time is given by v,, = v; + (55 and this is 


equal to v, as determined above. 


P2.37 (a) Take initial and final points at top and bottom of the incline. If the ball starts from rest, 


v; — 0,4 = 0.500 m/s? ; icd — 9.00 m. 
Then 
v? = o? *2a(x, — x;)= 0? + 2(0.500 m/s? (9.00 m) 


0, = 3.00 m/s |. 


1 2 
b x,;—-x,=v0,+—at 
( ) f i U; 2 
7 1 2\,2 
9.00 = 0 + - (0.500 m/s?)t 


(c) Take initial and final points at the bottom of the planes and the top of the second plane, 
respectively: 


v; =3.00 m/s, ve =0, Xp Xj = 15.00 m. 


v? =v; 4- 2u(x , — x,) gives 


veo? lo—(3.00 m/s)’ | 


—0.300 MA 
Xx-x) 2050m) m/s 


a= 


(d) Take the initial point at the bottom of the planes and the final point 8.00 m along the second: 
v; =3.00 m/s, x, — x; =8.00 m, a — —0.300 m/s? 


v? =v? + 2a(x, — x;)= (3.00 m/s) + 2(-0.300 m/s? (8.00 m) - 4.20 m? /s? 


7, =| 2.05 m/s |. 
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P2.38 Take the original point to be when Sue notices the van. Choose the origin of the x-axis at Sue’s car. 
For her we have xj, =0, vj, =30.0 m/s, a, =—2.00 m/s? so her position is given by 


x,(D) 9 xg + Dit + Lap = (30.0 m/s)t + 5 (-2.00 m/s” )t?. 
For the van, x;, =155 m, v;, =5.00 m/s, a, =0 and 
xf)—x&-Fogt- ju =155+(5.00 m/s)t - 0. 
To test for a collision, we look for an instant t, when both are at the same place: 


30.0t, — t 2 155 4 5.00t, 


0—12 — 25.0t, +155. 
From the quadratic formula 


, 2504 (25.0)? — 4(155) 


é s =13.6 s or | 11.45 |. 


The smaller value is the collision time. (The larger value tells when the van would pull ahead again 
if the vehicles could move through each other). The wreck happens at position 


155 m+ (5.00 m/s)(11.4 s)=| 212 m |. 


*P2.39 As in the algebraic solution to Example 2.8, we let t x (km) 
represent the time the trooper has been moving. We graph 


1.5 
Xcar = 45 + 45t 


and 


police 


officer 
X trooper =1.5t°. 0.5 


t (s) 


They intersect at 


10 20 30 40 


FIG. P2.39 
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Section 2.6 Freely Falling Objects 


P2.40 


P2.41 


Choose the origin (y =0, t — 0) at the starting point of the ball and take upward as positive. Then 


y; =0, v; 20,and a = -g =—9.80 m/ s? . The position and the velocity at time t become: 
= 1 2, = 1 Di 1 072 
yr-yic obe Sat”: ypo- gt =- (9.80 m/s?) 
and 


0g =v; +at: v; =—gt=—(9.80 m/s? )t. 


(a) att—100s: y, = -5 (0.80 m/s”)(1.00 s)? 2| -490 m 


at t= 200 s: y, --5 (0.80 m/s? (2.00 s)? 2[—19.6 m 


—44.1 m 


att-300s: y; = —+(9.80 m/s*)(3.00 s)* 


(b) att—1005: o, =—(9.80 m/s”)(1.00 s)=|—9.80 m/s 


at t= 2.00 s: o, =—(9.80 m/s*)(2.00 s) =| —19.6 m/s 


at t=3.00 s: v; = —(9.80 m/s)(3.00 s)=| —29.4 m/s 


Assume that air resistance may be neglected. Then, the acceleration at all times during the flight is 
that due to gravity, a = —g = —9.80 m/ s? . During the flight, Goff went 1 mile (1 609 m) up and then 
1 mile back down. Determine his speed just after launch by considering his upward flight: 


v? =v; +2a(y,—y;} 0-v?-2(9.80 m/s? (1609 m) 
v; 2178 m/s. 


His time in the air may be found by considering his motion from just after launch to just before 
impact: 


yr-yi— verat 0 — (178 mjs)t— (79.80 m/s?)t?. 
The root t — 0 describes launch; the other root, t = 36.2 s, describes his flight time. His rate of pay 
may then be found from 


pay rate = I = (0.027 6 $/s)(3 600 s/h) =| $99.3/h |. 
28 


We have assumed that the workman’s flight time, “a mile", and “a dollar", were measured to three- 
digit precision. We have interpreted "up in the sky" as referring to the free fall time, not to the 
launch and landing times. Both the takeoff and landing times must be several seconds away from 
the job, in order for Goff to survive to resume work. 
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P2.42 We have y; — 


0— —(490 m/s?)t? — (8.00 m/s)t +30.0 m. 


Solving for t, 


. 8.00 + 464.0 + 588 


—9.80 


t 


Using only the positive value for t, we find that t=] 1.79 s |. 


P2.43 (a) yr-Vi— vit tal 4.00 = (1.50); — (4.90)(1.50)? and v; =| 10.0 m/s upward |. 


b) 0, = v; -- at —10.0 — (9.80)(1.50) = —4.68 m/s 
f i 


7, =| 4.68 m/s downward 


P2.44 The bill starts from rest v; — 0 and falls with a downward acceleration of 9.80 m/ s? (due to gravity). 
Thus, in 0.20 s it will fall a distance of 


Ay= ot- st =0-— (4.90 m/s”)(0.20 s)? =—0.20 m. 


This distance is about twice the distance between the center of the bill and its top edge (= 8 cm). 


Thus, David will be unsuccessful |. 


*P2.45 a From Ay = v;t + Lg with v; — 0, we have 
y 1 2 1 


2(A 2(—2 
ga EW) M 3m) | [2173]. 
a —9.80 m/s 


(b) The final velocity is v; =0+ (—9.80 m/s” )(2.17 s)=| —21.2 m/s |. 


(c) The time take for the sound of the impact to reach the spectator is 


Ay | 23m 


= =6.76x1077 s, 
Usouna 340 m/s 


t 


sound —_ 


so the total elapsed time is tota] = 2.17 s +6.76 x10° s =| 2.23 s |. 


40 Motion in One Dimension 


P2.46 At any time f, the position of the ball released from rest is given by y, = h— i gt”. At time t, the 


position of the ball thrown vertically upward is described by y; — vjt — i gt”. The time at which the 


first ball has a position of y, = i is found from the first equation as t- h— L gt”, which yields 


t= E . To require that the second ball have a position of y; => at this time, use the second 
8 


equation to obtain ; =; E : ( 4 } This gives the required initial upward velocity of the second 
s & 


ball as 
P2.47 (a) 
(b) 
*P2.48 (a) 
(b) 


2 


v = [gh . 


v, — vj — gl: v; =0 when t=3.00 s, g —9.80 m/s”. Therefore, 


v; = gt — (9.80 m/s?)(3.00 s) =| 29.4 m/s |. 


1 
Vg — Vi zc. tv 


Vr Y= 094 m/s)(3.00 s) =| 441m 
Consider the upward flight of the arrow. 
2 = v5; s 2a (v; = yi) 
0 = (100 m/s)” + 2(-9.8 m/s? Ay 


10000 m?/s? 
19.6 m/s? 


510m 


Consider the whole flight of the arrow. 
Did 
Ye=Y;t 0 it tdt 
0 -0- (100 m/s)t + ;C95 m/s? }t? 


The root t=0 refers to the starting point. The time of flight is given by 


pe poe, 
4.9 m/s 


P2.49 Time to fall 3.00 m is found from Eq. 2.12 with v; =0, 3.00 m= —(9.80 m/s”)t”, t 20.782 s. 


(a) 


(b) 


1 
7 


With the horse galloping at 10.0 m/s, the horizontal distance is vt =| 7.82 m |. 


t =| 0.782 s 


P2.50 


P2.51 


*P2.52 


Chapter 2 
Take downward as the positive y direction. 
(a) While the woman was in free fall, 


Ay —144 ft, v; =0, and a= g —32.0 ft/s”. 


Thus, Ay = vjt + QU — 144 ft 204 (16.0 ft/s”) giving tr = 3.00 s. Her velocity just 


before impact is: 


vp =v; + gt=0+(32.0 ft/s”)(3.00 s) =| 96.0 ft/s |. 
(b) While crushing the box, v; = 96.0 ft/s, v f= 0, and Ay 218.0 in.=1.50 ft. Therefore, 
v?—v?  0—(960 ft/s)” 
a= = 
2(Ay) 2(1.50 ft) 


= —3.07 x10? ft/s”, or | a=3.07x10° ft/s? upward |. 


Ay Ay  X150ft) 


Z = r| At=313x10° s |. 
v!" 0-960 ft/s 


(c) Time to crush box: At — 


y —3.00£: At t= 2.00 s, y = 3.00(2.00)? = 24.0 m and 

d 

v, =Z —900£? =36.0 ns. 

dt 

If the helicopter releases a small mailbag at this time, the equation of motion of the mailbag is 
Vy — Vy + vjt— Z gt? = 24.0 + 36.0t — 20.80%. 
Setting y, =0, 
0 = 24.0 +36.0t — 4.9087. 


Solving for t, (only positive values of t count), | t=7.96s |. 


Consider the last 30 m of fall. We find its speed 30 m above the ground: 
1535 
Vr =); T [Um Tyüyt 


1 2 
0-30 m+ v,,(L5 s)+ ; 098 m/s? (15 s) 


-30 m +11.0 m 
Uyi = 
1.5s 


--12.6 m/s. 


Now consider the portion of its fall above the 30 m point. We assume it starts from rest 
PAD) 
oy = vy *2a (v, =y) 
(-12.6 m/s)” =0+2(-9.8 m/s?)Ay 


7 160 m?/s? 


— 7^ -8416 m. 
-19.6 m/s? 


Its original height was then 30 m+|—8.16 m|- | 38.2 m |. 
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Section 2.7 
P2.53 (a) 
(b) 


Kinematic Equations Derived from Calculus 
J= EUN constant 
dt 


da — Jdt 


a— J[dt — Jt - c 


but a =a; when t 2 0 so c, — aj. Therefore, | a= Jt4- a; 


do 
a=— 
dt 

dv = adt 


v= fadt = [Uta tt - 7 JP ntc; 


1 
but v = v; when t=0,s0 c; = v; and v-7]É cato; 


dx 
v=— 
dt 

dx = vdt 


x= Joat= (518 tato jt 


e ee 
a Ton t Ut C4 


1 1 
when f —0, so c4 = xj. Therefore, | x= 5 Jt? +a +vit+ xj |. 


a? =(Jt+a;) = J’ +a? +2Ja;t 


a° =a? + PP +2Ja;t) 


a? =a? + a(z +a) 


1 1 
Recall the expression for v: v = aie +a;t +v. So (v—0;)= ai +a;t. Therefore, 


a? =a? +2](v—v;) |. 


P254 (a) 


(b) 


(c) 


(d) 


(e) 


P2.55 (a) 


(b) 


(c) 


(d) 


See the graphs at the right. 
Choose x 20 at t— 0. 


Att=3s, :-28 m/sy(3 s) — 12 m. 


Att=5s,x=12m+(8 m/s)(2 s)= 28 m. 


Att=7s,x=28 m+5(8 m/s)\(2 s)=36 m. 


For 0<t<3 sac = 267 m/s?. 
S 


For 3<t<5s,a=0. 


16 m/s | 
4s € 


At t=6 s, x=28 m-- (6 m/s)(1 s)=[34m]. 
1 
At t=9 s, x= 36 ma ee m/s)(2 s)=| 28 m |. 


For 5s<t<9s,a=— —4 m/s? À 


a2 a Lsogsqy e 4: 3.00105 i 
dt dt 


Chapter2 43 


|a 0d ] 
E d 
ft tM ] 
dq ocpeOR Sopa es 4 
in is eet ] 
Ame Eee d 

(y ts? o if (s) 
2:4 10 
pear Sah et speak ups d 
PAE mns d i 
O E -4 
I. AP Dens Ma ] 
sti ea ane ee es le! 4 
tine et a4 

a(m/s2) 

p creme eae See Seo a 
Food dog i io 
be bse she sb dese 
a 1 bog 
PE mcas asa e be l Ar brs b = 4 
rot ] 1 ieee 
Rens eer (anaes oie geri cae fees eee 

E [ 1 1 ‘t (s) 
12:4 | 10 
ia eia esha Se ES sa ete E 
©oa ] i 
[eec Saio aiai AE E esu 
rot 1 i 
[*evEsERPebES ze 
Lin cues. ea 


a=—(10.0x10" m/s*)t+3.00x10° m/s? 


Take x; 20 at t= 0. Then o=% 


t t 


x-0= fodt= J(-5.00 x 107 t? + 3.00 x 10° rat 


0 0 


3 2 
x= —5.00 x 107 LU 3.00 x 10? > 


FIG. P2.54 


x- -(L67 x10” m/s?)P? « (15010? m/s?)? |. 


The bullet escapes when a — 0, at —(10.0 x107 m/s?)t +3.00x10° m/s? =0 


, 300x10" s _ 
10.0107 


=| 3.00x10 s |. 


New v = (—5.00 x10" )(3.00x 10-3) + (3.00 x 10° (3.00x 10?) 


v=—450 m/s+900 m/s =| 450 m/s |. 


x = -(L67»107 (3.00105) +(1.50x10°)(3.00x10-7)” 


x = —0.450 m+ 1.35 m =| 0.900 m 
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P2.56 


a= 2- —3.00v?, v; = 1.50 m/s 


Solving for v, < = —3.00v? 


foo = —3.00 fat 


V=0; t=0 
En ES = —8.00t or 3.00t = t a 
v` U v v 
U 1 
When v=—,t 0.222 s |. 
2 3.000; 


Additional Problems 


*P2.57 


*P2.58 


The distance the car travels at constant velocity, vo, during the reaction time is (Ax), = vAt,. The 
time for the car to come to rest, from initial velocity vg, after the brakes are applied is 


|.9r-9j  0—0g Vo 


ty 
a a a 


and the distance traveled during this braking period is 


z Uf +0; (2| 2e) va 
Ax), = 0l, = t, = . 
(Aa) = i | 20] RE ur a 


Thus, the total distance traveled before coming to a stop is 


2 
Vo 
= (Ax), +(Ax), = Up At, OR s 


S stop 


(a) If a car is a distance s 


2 
stop = VoÔt, — = (See the solution to Problem 2.57) from the 


intersection of length s; when the light turns yellow, the distance the car must travel before 


the light turns red is 
2 
Vo 
AX = Sstop tS; = UpAt, — PT 


Assume the driver does not accelerate in an attempt to "beat the light" (an extremely 
dangerous practice!). The time the light should remain yellow is then the time required for 
the car to travel distance Ax at constant velocity vg. This is 


2 
Vv 
Ax 0gAL, — 8; 
Af moo Mte Ars E 
8 r 
Up Up 2a vo 


(b) With s; 2 16 m, v — 60 km/h, a=-2.0 m/s? , and At, 2115, 


6.23 s |. 


km/h (0.27 1 km/h 
"NETT 60 km/ E Eg Pil m/ IE 


X-20 m/s?) 1 km/h * 60 km/h | 0.278 m/s 


*P2.59 
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(a) As we see from the graph, from about —50 s to 50s 
Acela is cruising at a constant positive velocity in 200 
the +x direction. From 50 s to 200 s, Acela 
accelerates in the +x direction reaching a top speed — 199 
of about 170 mi/h. Around 200 s, the engineer 
applies the brakes, and the train, still traveling in 3 


D 
the +x direction, slows down and then stops at b: 0 |100 200 300 t(s) 
350 s. Just after 350 s, Acela reverses direction (v | 
becomes negative) and steadily gains speed in the -100 


—X direction. 
FIG. P2.59(a) 


(b) The peak acceleration between 45 and 170 mi/h is given by the slope of the steepest tangent 
to the v versus ¢ curve in this interval. From the tangent line shown, we find 


155 —45) mi/h 
a=slope= Av ( a 2.2 (mi/h)/s |=0.98 m/s”. 
At (100—50)s 


(c) Let us use the fact that the area under the v versus 
t curve equals the displacement. The train’s 200 
displacement between 0 and 200 s is equal to the 
area of the gray shaded region, which we have 100 
approximated with a series of triangles and = 
rectangles. & 
"9 0 t (s) 


0 |100 200 | 300 


AX. ,300 s = area, + area; + area, + area, areas 
&(50 mi/h)(50 s)+(50 mi/h)(50 s) 
+260 s)(100 mi/h) 


«5 (000 s)(170 mi/h — 160 mi/h) 


= 24 000(mi/h (s) 


Now, at the end of our calculation, we can find the displacement in miles by converting 
hours to seconds. As 1h 23 600 s, 


=| 6.7 mi |. 
3 600 s 


24 000 mi 
AX9_5200 s &| ————— (S)7 
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*P2.60 


P2.61 


P2.62 


Average speed of every point on the train as the first car passes Liz: 


Ax 860m 
At 1.508 


=5.73 m/s. 


The train has this as its instantaneous speed halfway through the 1.50 s time. Similarly, halfway 


E00 7.82 m/s. The time required for the speed 
s 


through the next 1.10 s, the speed of the train is 
to change from 5.73 m/s to 7.82 m/s is 


(1.50 8) +5(L10 s)=1.30 s 


Av, 782 m/s—5.73 m/s _ 


1.60 m/s? |. 
At 1.30 s 


so the acceleration is: a, = 


The rate of hair growth is a velocity and the rate of its increase is an acceleration. Then 
d 
v,; = 1.04 mm/d and a, = 013 =) . The increase in the length of the hair (i.e., displacement) 
w 


during a time of t = 5.00 w = 35.0 d is 


1 
Ax 2 vuE g^ 


Ax = (1.04 mm/d)(35.0 d)+ 5 (0.132 mm/d-w)(35.0 d)(5.00 w) 


or | Ax = 48.0 mm |. 


Let point 0 be at ground level and point 1 be at the end of the engine burn. Let f 2 
point 2 be the highest point the rocket reaches and point 3 be just before ! Y 
impact. The data in the table are found for each phase of the rocket's motion. n | 
I l 
i 
(0 to 1) oj - (80.0) = 2(4.00)(1 000) so 7, —120 m/s of L 
120 = 80.0 + (4.00 )t giving t=10.0s emet 
, [n FIG. P2.62 
(1to2)  0—(120) = 2(-9.80 (x , — x;) giving x, —x; =735 m 
0—120 = —9.80t giving t=12.2 s 


This is the time of maximum height of the rocket. 


(2 to 3) vj -0 = 2(-9.80)(-1735) 
v, =—184 = (—9.80)t giving t=188s 


(a) total = 10 +12.2 +18.8 =| 41.0 s 


(b) (x, EUN =| 1.73 km 


continued on next page 
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(c) Ufinal = —184 m/s 


L4. qox po des d o ues ii 
| 0 [Launch — — | 00 | 0 | 80 | .-*40 | 
| #2 |RiseUpwards | 222 | 17355 | 0 | -980 | 
| #3 |FalltoBarth | 410 | 0 | -184 | -980 | 


P2.63 Distance traveled by motorist — (15.0 m/s)t 


Distance traveled by policeman — 5200 m/ s? yt? 


(a) intercept occurs when 15.0¢ = i^ or t=| 15.0s 


(b) v( officer) = (2.00 m/s?)t =| 30.0 m/s 


(c) x( officer ) = E m/s?) =| 225m 


P2.64 Area A, is a rectangle. Thus, A, = hw =v,,t. 
1 
Area A, is triangular. Therefore A, = zh = UE —vy). 


The total area under the curve is 


(v -v Jt 
ubt xX j xt 


A=A,+A,=0 


and since v, —v,; =a,t 


FIG. P2.64 


1 a2 
m args ; 


1 
The displacement given by the equation is: x = v,;f + zat’, the 


same result as above for the total area. 
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P2.65 (a) Let x be the distance traveled at acceleration a until maximum speed v is reached. If this is 
achieved in time f; we can use the following three equations: 


x= (04+ vj), 100 — x = v(10.2— t4) and v= vj +at,. 


The first two give 


100 =(102 tn Jo=(102 php 
2 2 


7 200 
(20.4-1,) 
: 200 esta cave 
For M :a=—————_ =| 5.43 
ee BREN A7 (8:4)(2:00) m/s 
For Judy: a= D eee! 3.83 m/s? 
(17.4)(3.00) 
(b) v= at 
Maggie: v =(5.43)(2.00) =| 10.9 m/s 
Judy: v =(3.83)(3.00) =| 11.5 m/s 
(c) At the six-second mark 


x= ju + v(6.00 — t) 


Maggie: x = —(5.43)(2.00)? + (10.9)(4.00) = 54.3 m 


NI RNR 


Judy: x =—(3.83)(3.00) + (11.5)(3.00) = 51.7 m 


Maggie is ahead by | 2.62 m |. 


P2.66 a, =0.100 m/s? a, =—0.500 m/s? 
2 
t t 

1000- 15,22 +a,t, E ors ad i00 Se {4 |? 

2 a, 2 Ay 2 Ay 

[20 000 

ty = a 129 s 
plam. s Total time —t—|155s 


P2.67 


*P2.68 


Chapter 2 
Let the ball fall 1.50 m. It strikes at speed given by 


o; = v5 + 2a(x¢ — xi): 
02, —0--2(-9.80 m/s?)(—1.50 m) 
Vf — —5.42 m/s 
and its stopping is described by 
Oy = v? + 2a (x, — x) 


0=(-5.42 m/s)’ +2a,(-10 m) 


_ -29.4 m?[s? 
-2.00 x10 m 


= +1.47x10° m/s?. 


x 


Its maximum acceleration will be larger than the average acceleration we estimate by imagining 


constant acceleration, but will still be of order of magnitude | ~ 10° m/ s? 


1 
(a) x; =X; HOt + zat. We assume the package starts from rest. 


—145 ping m/s?J? 
—145 m) 
t= 
E —980 m/s? =e 


(b) Xp =X; tout tral? =04+0+— L- 9.80 m/s? )(5.18 s)? ——]81m 


distance fallen — E ‘l =| 131 m 


(c) speed =|v,-|=|0,; +a,1]=|0+(-98 m/s? 5.18 j- 50.8 m/s 


xf 


(d) The remaining distance is 
145 m- 1315 m —13.5 m. 
During deceleration, 
U,; — —50.8 m/s, Vy 20, x, — x; = —13.5 m 


Oy =v, + 2a,(x —x): 


0—(—50.8 m/s) +2a,(—13.5 m) 


,, 2580 m?/s? 
*^— 2(-13.5 m) 


= +95.3 m/s? =| 95.3 m/s? upward |. 


49 


50 


P2.69 


P2.70 


P2.71 


Motion in One Dimension 


(a) 


(b) 


(c) 


(a) 


(b) 


(a) 


(b) 


(d) 


y; — val QU = 50.0 = 2.001 + ; (9-80)¢?, 
4.90t? + 2.00t — 50.0 = 0 


2004 2.00? — 4(4.90)(—50.0) 
2(4.90) 


Only the positive root is physically meaningful: 


1—| 3.00 s | after the first stone is thrown. 


yr— vist erar? and t= 3.00 — 1.00 = 2.00 s 


substitute 50.0 = v; (2.00) + — (9.80)(2.00)?: 


Es 
2 
vj; =| 15.3 m/s | downward 


04, = va + at = 2.00 + (9.80)(3.00) = 
Oop = Vj, tat =15.3-+ (9.802,00) = 


1 2 
d — —(9.80)t 
; (080) 


31.4 m/s | downward 
348 m/s | downward 


d =336t> 


ty +t, 2240 336t, = 490(2.40 — t)? 
; 359.5 + [359.57 — 4(4.90)(28.22) 
4.90t5 — 359.5t, + 28.22 = 0 t= T 
5 +358. 
t, = BEE SOUND E 0.0765 s SO d —336t, =| 26.4 m 
9.80 
Ignoring the sound travel time, d — 5980240)! = 28.2 m, an error of | 6.82% 
In walking a distance Ax, in a time At, the length ee 
of rope / is only increased by Axsin6. i ; 5 2 
Es 
.. The pack lifts at a rate Sura . Ss 
At 
v= an E MAE ene 
At boy g boy ET a "E 0 
v ha 
"C er or (2 x9 
dt ¢ dt TEE fA 
Uboy UboyX s 
jug ime QD Mog e d. ON ede. rl 2 aes 
7» dd 4? dt dt T a — — x —-N 
Peay x? Voy n? hv. rJ, 
a 7 1 p = 7 Ü = 2 3 32 «m 
Ó | (x* +h*) j 
f : 
U fe) 
TY FIG. P2.71 


Üpoy 7 0 


P2.72 


P2.73 


(a) 


(b) 


Chapter 2 
A VpovX 
h= 6.00 m, oy, = 2.00 m/s v= sind = Ooy = v. 
(x^ +h") 
2 
Oboyt 
However, X= Upoyt  .0= a= 9; 
(v, ent)" (at? +36)" 
t(s) | v(m/s) v (m/s) 
0 [0 [quu men PEDE E 
2.0}-+-+-+-+-+-+-+-+-+-4 
0.5 | 0.32 |n E E E ELA 
1 |0.63 Uu E oe 
1.5 | 0.89 L VATER 
s é 1.2. Ex -+-4 4 
E-4 -+-+ 4 
2 |111 RE gutem 
2.5 |1.28 EP eed 
3 14 "scu 
PEERS EBNM S 
Dod e PEE 
3.5 |1.52 METRE EE TE TEE 
4 |1.60 
4.5 |1.66 FIG. P2.72(a) 
5 1.71 
h2v2 hey? 
From problem 2.71 above, a= Py zd = = f 
2. ane Se 5 3/2 
(x +h ) (v yt +h’) (4t +36) 
t(s) | a(m/s?) m 
0 | 0.67 ppc eR edid eed 
05 | 064 06 Noha 
b-+-A+-+-+-4+-4+-4-4-4 
1 [057 ostii LEA 
15 | 0.48 iy ee Aen eae 
2 10.38 Lone ANGE RH Hd 
03| 4-4 NR Rd 
2.5 | 0.30 L-4+-4+-+-4-+-4-+-4-4 
3. [oz EES Cae 
FAN 
3.5 | 0.18 O.1p-+-4-4+-4-4-4-4-459 
I 
4 |014 WE 
4.5 | 0.11 
5 | 0.09 FIG. P2.72(b) 


(a) 


(b) 


(c) 


We require x, =x, when t, = t, +1.00 


A - (55 m/s? (t, -1.00)* =—(4.90 m/s”)(t,)” = x, 


t, + 1.00 =1.183t, 


X, - (490 m/s? (5.46 s)? =[ 73.0 m 


v, - (490 m/s? 5.46 s) = 
v, - (3.50 m/s? (6.46 s) = 


26.7 m/s 


ES 
2 
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P2.74 Time Height Ah At v midpt time 
t (s) h (m) (m) (s) (m/s) t (s) 


FIG. P2.74 


TABLE P2.74 


acceleration — slope of line is constant. 


ü — —1.63 m/s? =| 1.63 m/s? downward 


P2.75 
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The distance x and y are always related by x? + y? =L”. 
Differentiating this equation with respect to time, we have 


d 
Now E is 75, the unknown velocity of B; and 2 =-v. 


From the equation resulting from differentiation, we have 


d x( dx x 
ra J x 
y dt 


y 


But — 
x 


1 v o43 
‘When a=60.0°, vp esc ce NP bo. 
3; e UB RS 3 


— tana SO Uz x 
ta 


ANSWERS TO EVEN PROBLEMS 


P2.2 


P2.4 


P2.6 


P2.8 


P2.10 


P2.12 


P2.14 


P2.16 


P2.18 


P2.20 


P2.22 


(a) 2x107 m/s; 1x10-5 m/s; P2.24 ) 1.88 E © 1.46 km; 
8 c) see the solution; 
Mesum (d) (i) x, =(1.67 m/s?)?^; 
(a) 50.0 m/s; (b) 41.0 m/s (ii) x, =(50 m/s)t 375 m; 
(a) 270 m; (iii) x3 = (250m/s)t - (25 m/s?) -4375 m; 
(b) 27.0 m+ (180 m/s)At + (3.00 m/s? (At)*; (e) 37.5 m/s 
(c) 18.0 m/s 


P2.26 958m 


.(b), he solution; 4.6 m/s”; (d 
(a), (b), (c) see the solution; 46 m/s*;(d)0 — y. (a) x; - (30.0t  £?) m; v; - (30.0 2t) m/s; 


5.00m (b) 225 m 
(yo em SU UU mores (b) OOo P2.30 Xp-Xj- out ass 3.10 m/s 


(a) see the solution; 


(b) 1.60 m/s”; 0.800 m/s? P2.32 (a) 35.0 s; (b) 15.7 m/s 
(a) 13.0 m/s; (b) 10.0 m/s; 16.0 m/s; P2.34 = (a) 11210" m/s?; (b) 4.67 x10” s 
(c) 6.00 m/s? ; (d) 6.00 m/s? 

P2.36 (a) False unless the acceleration is zero; 
see the solution see the solution; (b) True 
(a) 6.61 m/s; (b) -0.448 m/s? P2.38 Yes; 212 m; 11.4 s 


P2.40 (a) -4.90 m; -19.6 m; —44.1 m; 


— 1 . =-— 2 i 
(a) -21.8 mi/h-s- 975 m/s"; (b) -9.80 m/s; —19.6 m/s; -29.4 m/s 


(b) -22.2 mi/h-s =-9.94 m/s?; 
(c) -22.8 mi/h-s=-10.2 m/s? P242  179s 
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P2.44 


P2.46 


P2.48 


P2.50 


P2.52 


P2.54 


P2.56 


P2.58 


No; see the solution 


The second ball is thrown at speed 


Oj — Jah 
(a) 510 m; (b) 20.4 s 


(a) 96.0 ft/s; 
(b) a - 3.07 x 10? ft/s? upward; 
(c) A£2313x10? s 


38.2m 


(a) and (b) see the solution; (c) -4 m/ s?; 
(d) 34 m; (e) 28m 


0.222 s 


(a) see the solution; (b) 6.23 s 


P2.60 


P2.62 


P2.64 


P2.66 


P2.68 


P2.70 


P2.72 


P2.74 


1.60 m/s? 


(a) 41.0 s; (b) 1.73 km; (c) -184 m/s 
T 2x4. 
v,jt + gd ; displacements agree 


155s; 129s 


(a) 5.44 s; (b) 131 m; (c) 50.8 m/s; 
(d) 95.3 m/s? upward 


(a) 26.4 m; (b) 6.82% 
see the solution 


see the solution; a, = —1.63 m/ s? 


Q3.3 


Q3.4 


Q3.5 


Q3.6 


Q3.7 


Q3.8 
Q3.9 


Vectors 


ANSWERS TO QUESTIONS 


Q3.1 No. The sum of two vectors can only be zero if they are in 
Opposite directions and have the same magnitude. If you walk 
10 meters north and then 6 meters south, you won't end up 
where you started. 


Q3.2 No, the magnitude of the displacement is always less than or 
equal to the distance traveled. If two displacements in the same 
direction are added, then the magnitude of their sum will be 
equal to the distance traveled. Two vectors in any other 
orientation will give a displacement less than the distance 
traveled. If you first walk 3 meters east, and then 4 meters 
south, you will have walked a total distance of 7 meters, but 
you will only be 5 meters from your starting point. 


The largest possible magnitude of R= A + B is 7 units, found when A and B point in the same 
direction. The smallest magnitude of R = A+B is 3 units, found when A and B have opposite 
directions. 

Only force and velocity are vectors. None of the other quantities requires a direction to be described. 
If the direction-angle of A is between 180 degrees and 270 degrees, its components are both 
negative. If a vector is in the second quadrant or the fourth quadrant, its components have opposite 


signs. 


The book's displacement is zero, as it ends up at the point from which it started. The distance 
traveled is 6.0 meters. 


85 miles. The magnitude of the displacement is the distance from the starting point, the 260-mile 
mark, to the ending point, the 175-mile mark. 


Vectors A and B are perpendicular to each other. 


No, the magnitude of a vector is always positive. A minus sign in a vector only indicates direction, 
not magnitude. 
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Q3.10 


Q3.11 


Q3.12 


Q3.13 


Q3.14 


Vectors 


Any vector that points along a line at 45° to the x and y axes has components equal in magnitude. 
A, =B, and A, =B,. 
Addition of a vector to a scalar is not defined. Think of apples and oranges. 


One difficulty arises in determining the individual components. The relationships between a vector 
and its components such as A, = AcosQ, are based on right-triangle trigonometry. Another problem 
would be in determining the magnitude or the direction of a vector from its components. Again, 


A=,JA2+ Ay only holds true if the two component vectors, A, and A,, are perpendicular. 


If the direction of a vector is specified by giving the angle of the vector measured clockwise from the 
positive y-axis, then the x-component of the vector is equal to the sine of the angle multiplied by the 
magnitude of the vector. 


SOLUTIONS TO PROBLEMS 


Section 3.1 Coordinate Systems 


P3.1 


P3.2 


P3.3 


x =r cos 0 = (5.50 m)cos 240° = (5.50 m)(-0.5) =| -2.75 m 
y =r sin 8 = (5.50 m)sin 240? = (5.50 m)(—0.866) =| —4.76 m 


(a) x=rcos@ and y=rsin@, therefore 
xı 7 (2.50 m)cos30.0°, y, = (2.50 m)sin30.0°, and 


(x1, v1) 2| (2.17, 125) m 


X5 = (8.80 m)cos120°, y; = (3.80 m)sin120°, and 


(x5, y5) - | C1.90, 3.29) m |. 


(b) d - J(Axy? +(Ay)* 2 416.6416 =| 455 m 


The x distance out to the fly is 2.00 m and the y distance up to the fly is 1.00 m. 


(a) We can use the Pythagorean theorem to find the distance from the origin to the fly. 


distance = 4x? +y* = (2.00 m)? +(1.00 m)? = 45.00 m? =| 2.24m 


(b) 0-tan! (2) = 26.65; r=] 2.24 m, 26.6? 


Chapter 3 


P3.4 (a) 


d= (xs x) +(Y2—y1)° = (2.00-[-3.00))° + (-4.00-3.00)° 
d = 425.0-- 49.0 =| 8.60 m 


(b) n- (2.00)? + (400) = /20.0 =| 447 m 


9, - tan? x] 63.4° 
2.00 


r, = (-3.00)* + (3.00)? = V180 =[ 424m 


0, =| 135° | measured from the +x axis. 


P3.5 We have 2.00 = r cos 30.0° 


2.00 


r = ———— -=| 2.31 
cos 30.0° 


and y =r sin 30.0° = 2.31 sin 30.0° = | 1.15 |. 


P3.6 We have r 2 Jx? « y? and @= ta (2) 
x 


(a) The radius for this new point is 


Ja «y? 243? «y? - [7] 


and its angle is 


an (4)- 180?- 0 |. 


b -2x)? +(-2y)? =| 2r |. This point is in the third quadrant if (x, y) is in the first quadrant 
y P q y q 


or in the fourth quadrant if (x, y) is in the second quadrant. It is at an angle of | 180?4-0 |. 


(c) (3x)? 4 (-3y)? =| 3r |. This point is in the fourth quadrant if (x, y) is in the first quadrant 


or in the third quadrant if (x, y) is in the second quadrant. It is at an angle of | - 0 |. 
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Section 3.2 Vector and Scalar Quantities 
Section 3.3 Some Properties of Vectors 
P3.7 tan35.0°= 2 
100 m 

x =(100 m)tan35.0°=| 70.0 m 

P3.8 R=|14km 
=| 65° NofE 
P3.9 -R =| 310 km at 57° S of W 
(Scale: 1 unit = 20 km) 

P3.10 


(a) Using graphical methods, place the tail of 
vector B at the head of vector A. The new 
vector A+B has a magnitude of 


6.1 at 112° 


from the x-axis. 


(b) The vector difference A — B is found by 
placing the negative of vector B at the 
head of vector A. The resultant vector 


A — B has magnitude | 148 | units at an 


angle of 22? 


from the + x-axis. 


00m 


FIG. P3.7 
R 13km 
Lu 
1km 6 km 
FIG. P3.8 


FIG. P3.9 


FIG. P3.10 


x 


P3.11 


P3.12 


P3.13 
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(a) | d | = | -10.0i | =| 10.0 m | since the displacement is in a 


straight line from point A to point B. 


(b) The actual distance skated is not equal to the straight-line 
displacement. The distance follows the curved path of the 
semi-circle (ACB). 


FIG. P3.11 


s= 5 (2ar)=52- 15.7 m 


(c) If the circle is complete, d begins and ends at point A. Hence, | d | =|0 |. 


Find the resultant F, + F, graphically by placing the tail of F, at the head of F,. The resultant force 


vector F, + F, is of magnitude | 9.5 N | and at an angle of | 57° above the x-axis |. 


x 
0123N 
FIG. P3.12 
(a) The large majority of people are standing or sitting at this hour. Their instantaneous foot-to- 


head vectors have upward vertical components on the order of 1 m and randomly oriented 


horizontal components. The citywide sum will be | ~10° m upward |. 


(b) Most people are lying in bed early Saturday morning. We suppose their beds are oriented 
north, south, east, west quite at random. Then the horizontal component of their total vector 
height is very nearly zero. If their compressed pillows give their height vectors vertical 
components averaging 3 cm, and if one-tenth of one percent of the population are on-duty 
nurses or police officers, we estimate the total vector height as ~ 10? (0.03 m) -- 10? (1 m) 


—10? m upward |. 


60 = Vectors 


P3.14 Your sketch should be drawn to scale, and 
should look somewhat like that pictured to 
the right. The angle from the westward 
direction, 0, can be measured to be 

4° N of W |, and the distance R from the 


sketch can be converted according to the 


scale to be | 7.9 m |. 


P3.15 To find these vector expressions graphically, we 
draw each set of vectors. Measurements of the 
results are taken using a ruler and protractor. 
(Scale: 1 unit = 0.5 m) 


(a) A + B = 5.2 mat 60° 


(D  A-B=3.0mat330° 


(c) B-A = 3.0 mat 150° 


(d A-2B = 5.2m at 300°. 


FIG. P3.15 


*P3.16 The three diagrams shown below represent the graphical solutions for the three vector sums: 
R; =A+B+C, R, =B+C+A,and R; =C+B+A. You should observe that R; = R, =R}, 
illustrating that the sum of a set of vectors is not affected by the order in which the vectors are 
added. 


FIG. P3.16 
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-4 


P3.17 The scale drawing for the graphical solution 
should be similar to the figure to the right. The 
magnitude and direction of the final displacement 
from the starting point are obtained by measuring 
dand ĝon the drawing and applying the scale 
factor used in making the drawing. The results 


Spe 


J—.- 


BR R-xRbIx BÀ UTUTT 
+-+-+-+-+-+-+-40t-+-+-+-+-+-+-4 
Me 


D 
eb Sel pst eth Seal del el ey ee lon 


should be (Scale: 1 unit = 20 ft) 
d = 420 ft and 0 = -3° FIG. P3.17 
Section 3.4 Components of a Vector and Unit Vectors 
P3.18 Coordinates of the super-hero are: 


x = (100 m)cos(—30.0°) =| 86.6 m 


y = (100 m)sin(-30.0°) =| -50.0 m 


P3.19 — A,--250 A y 
A, = 400 | 
2 2 2 2 z 
A = [A1 + A2 =,{(-25.0)* + (40.0)? =[47.2 units 305. NGA 
We observe that ó 8 
|A, | 
y 
tan = 
= TA 


FIG. P3.19 


So 


b= i d | - tan = = tan ! (1.60) =58.0°. 


The diagram shows that the angle from the +x axis can be found by subtracting from 180°: 


0-180?—58?-| 122° |. 


P3.20 The person would have to walk 3.10 sin(25.0°) =| 1.31 km north |, and 


3.10 cos(25.0*) =| 2.81 km east |. 
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P3.21 x=rcos@ and y - rsinQ, therefore: 
(a) x=12.8cos150°, y= 12.8sin150, and (x, y) - (-11.1i 6.405) m 
(b  x=330cos60.0°, y = 3.30sin60.0°, and (x, y) - (165i + 2.86j) cm 


()  x=22.0cos215°, y = 220sin215?, and (x, y) =(-18.0i-12.6j) in 


P3.22 x-dcosÓ0 = (50.0 m)cos(120) = 25.0 m 
y = dsin 0 = (50.0 m)sin(120) = 43.3 m 


d=] (-25.0 mi « (43:3 m)j 


*P3.23 (a) Her net x (east-west) displacement is —3.00 + 0 + 6.00 = +3.00 blocks, while her net y (north- 
south) displacement is 0 + 4.00 + 0 = +4.00 blocks. The magnitude of the resultant 
displacement is 


R = (xnet)? + (Ynet)? = (8.00)? + (4.00)? = 5.00 blocks 


and the angle the resultant makes with the x-axis (eastward direction) is 


O= ta (355) = tan (1.33) = 53.15. 


The resultant displacement is then | 5.00 blocks at 53.1? N of E |. 


(b) The total distance traveled is 3.00 + 4.00 + 6.00 =| 13.0 blocks |. 


*P324 Let i= east and j = north. The unicyclist’s displacement is, in meters N 


280 j + 220i + 360j — 300i — 120} + 60i — 40j — 90i +70}. 


s x R 
R- -110i  550j 
2 2 _; 110m 
= J (110 m)* +(550 m)* at tan ^ ——— west of north E 
550 m 
=561 m at 11.3° west of north. 
FIG. P3.24 


The crow’s velocity is 


Ax _ 561 mat 11.3° W of N 
At 40 s 


14.0 m/s at 11.3? west of north |. 


P3.25 


P3.26 


P3.27 


P3.28 


Chapter3 63 
+x East, +y North 


>) x = 250 + 125 cos 30°= 358 m 
> y = 75 +125 sin 30°-150 = -12.5 m 


d=(X x) +(Yy)” = (958)? + (-12.5)? = 358 m 


tang (Quy) m5 0.0349 
(Sx) 358 
0- 2.00 


d = 358 m at 2.00? S of E 


The east and north components of the displacement from Dallas (D) to Chicago (C) are the sums of 
the east and north components of the displacements from Dallas to Atlanta (A) and from Atlanta to 
Chicago. In equation form: 


Apc east = dpa cast DAC east = 730 c085.00?—560 sin 21.0? = 527 miles. 
dpc north — dpa north + dac north — 730 sin 5.00°+ 560 COS 21.0? = 586 miles . 


By the Pythagorean theorem, d = Aids ext) ^ + (Apc north)” = 788 mi. 


Then tan@= Ape north _ 111 and 0 = 48.0°. 
DC east 


Thus, Chicago is | 788 miles at 48.0? northeast of Dallas |. 


(a) See figure to the right. 


(D | C-A-B- 2001 -6.00j 3.001 — 2.00j =| 5.001 + 4.00j 


C=/25.0+16.0 at tan! (=) =| 6.40 at 38.7° 


D=A-B=2.00i + 6.00j — 3.001 + 2.005 =| 1.001 + 8.00j 


D=,(-1.00) (00)? at tan? E 


D — 8.06 at (180? — 82.99) =| 8.06 at 97.2? 


FIG. P3.27 


2 2 
"EAM *Xjtxi +(Y1 +Y2 +y3) 
= „(8.00 5.00 + 6.00)? + (2.00 + 3.00 +1.00)? = 452.0 - [721 m 


6.00 
0-tan !| —— |=] 56.3° 
a(S | [55] 


64 
P3.29 


P3.30 


P3.31 


P3.32 


Vectors 


We have B=R-A: 


A, =150 cos120° = -75.0 cm 
A, =150sin120°=130 cm 
R, =140 cos 35.0°=115 cm 
R, =140 sin 35.0° = 80.3 cm 


FIG. P3.29 


Therefore, 


B = [115 - (-75)]i + [80.3 - 130]j = (190i = 497j) cm 
|B|- 4190? + 49.7? =| 196 cm 


tan ( 27). 14.7° |. 


A =-8.70i +15.0j and B=13.2i-6.60j 


A—B+3C=0: 


or 


(a) 


(b) 


(c) 


(d) 


(e) 


(a) 


(b) 


3C- B-A -219i - 21.6j 
C - 730i - 7.20 


C, =| 7.30 cm |; C, =| —7.20 cm 


(A +B) - (3i - 25) « (-i - 4j) - | 2 - 6j 


(A - B) - (3i - 25) - (-i- 4j) -| 4i 2j 
[A + B2 42? - 6? =] 6.32 
[A - B|- 44? + 2? =[ 447 


NET -w(-5)- —71.6* — | 288° 


"m = 


D=A+B+C=2i+4j 


[D| = 42? 4- 4? =| 4.47 m at 0 — 63.4? 


E=-A-B+C=-6i+6j 


|E|= V6? +67 =| 8.49 m at 0= 135° 


Chapter3 65 
P333 — d, =(-3.50j)m 
d; -8.20cos45.0^1 + 8.20 sin 45.0° j = (5.801 +5.80j) m 


d; - (-150i) m 


R =d; +d, +d, =(-15.0 +5.80)i + (5.80 - 3.50)j=| (-9.201 + 2.305) m 
(or 9.20 m west and 2.30 m north) 


The magnitude of the resultant displacement is 


IR| = [R? +R? = (9.20)? + (2.30)? =[9.48 m ]. 


2.30 j- 
-9.20 


166° |. 


The direction is 0 = arctan( 


P3.34 Refer to the sketch \A| = 10.0 


R=A+B+C=-10.0i-15.0j +50.0i R 
= 40.0i-15.0j 


1/2 d 
|R|- [40.0)* " (-15.0)’| P Vag yards C|=50.0 


FIG. P3.34 
P3.35 (a) F=F,+F, 
F = 120 cos(60.0)i + 120 sin(60.0°)j — 80.0 cos(75.0°)i + 80.0 sin(75.0°)j 
F = 60.0i -104j - 20.71 +77.3j = (39.31 +181j) N 


|F| = 4393? +1817 =| 185 N 


P3.36 


IR|= lx? - y^ — [464 m at 78.6° N of E 
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P3.37 


P3.38 


P3.39 


P3.40 


Vectors 


A =3.00 m, 64 = 30.0° 
A, =Acos@, = 3.00 cos 30.0° = 2.60 m 


B, =0, B, =3.00 m 


A +B - (2.601 +1.50j) + 3.00j = 


Let the positive x-direction be eastward, the positive y-direction be vertically upward, and the 


so 


(2.601 + 4.50j) m 


B —3.00 m, 0, =90.0° 


A, = Asin 4 = 3.00sin30.0°= 1.50 m 


A - A,i+A,j=(2.60i 1.505) m 


B=3.00j m 


positive z-direction be southward. The total displacement is then 


d - (480i + 4.80j) cm+ (3:70 — 3.70k) cm = (4.801 +8.50} — 3.70k) cm. 


(a) The magnitude is d = (480) + (8.50)? +(—3.70)? cm [10.4 cm |. 
; ; 850 .. S 
(b) Its angle with the y-axis follows from cos = 104' giving | 0 —35.5" |. 


B=B,i+B,j+B_k = 4.00i + 6.00j 3.00k 


|B| = 44.00? + 6.00? +3.00? = 


The y coordinate of the airplane is constant and equal to 7.60x 10? m whereas the x coordinate is 


=| 39.8? 


7.81 


59.2? 


67.4? 


given by x= vjt where vj is the constant speed in the horizontal direction. 


At t—300 s we have x =8.04x10°, so v; = 268 m/s. The position vector as a function of time 


is 


P - (268 m/s)ti - (7.60 x10? mj. 


At t= 45.0 s, P = [1.21 x 104i + 7.60 x 10°}| m. The magnitude is 


P= Jaz x10*)^ +(7.60x10°) m= 


and the direction is 


d= arctan 


7.60 x10? 


121x10* 


| 


1.43x104 m 


32.2? above the horizontal |. 


P3.41 


P3.42 


P3.43 


P3.44 


Chapter 3 


(a) A =| 8.00i+12.0j-4.00k 


(D  B=—=| 2.00i+3.00j-1.00k 


(c) C - 3A =| -240i - 36.0j +12.0k 


^ 


R =75.0.cos 240^ i + 75.0 sin 240? j + 125 cos135^i + 125 sin 135? j + 100 cos 160° i + 100 sin 160? j 


R = -37.5i — 65.0j — 88.4i + 88.4j — 94.01 + 34.2j 


R =| 220i  57.6j 


R=, (-220)? 4-57.6? at arctan 76 above the -x-axis 


R =| 227 paces at 165° 


(a) C=A+B=| (500i - 1.00j - 3.00k) m 


IC|= (6.00)? + (1.00)? +(3.00)? m — [592 m 


(b) D -2A -B- | (4001 -110j - 150k) m 


[D| = (400)? + (11.0)? (150)? m-[190 m 


The position vector from radar station to ship is 
S - (17.3 sin136°Î +17.3 cos136° j) km = (12.01 -12.4j) km. 
From station to plane, the position vector is 
P = (19.6sin 153°i + 19.6 cos 153° j + 2.20k) km, 
or 


P = (8.90i-17.5j + 2.20k) km. 


(a) To fly to the ship, the plane must undergo displacement 


D =S-P =| (3.12i +5.02j-2.20k) km |. 


(b) The distance the plane must travel is 


D=|D|= (3-12)? + (5.02) -- (2.20) km - [631 km |. 
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P3.45 


P3.46 


P3.47 


Vectors 


41.0 km 


The hurricane’s first displacement is í J800 h) at 60.0° N of W, and its second displacement 


is ao Jose h) due North. With i representing east and j representing north, its total 


displacement is: 


(so E cos60.0° (3.00 hy(-i) +{ 41.0% sin60.0° 3.0 h)j +(250 haso h)j=61.5 km(-i) 


+144 km j 


with magnitude (615 km)" + (144 km)? — [157 km |. 


^ 


(a) E = (17.0 cm) cos 27.0 i + (17.0 cm)sin 27.0*j 


m 
I 


(15.11 -772j) cm 


^ 


(b) F = (17.0 cm)sin27.0°i + (17.0 cm)cos 27.0°j 


F =| (772i +15.1j) cm 


A 


(c) G = +(17.0 cm)sin 27.0°i + (17.0 cm) cos 27.0°j 


FIG. P3.46 


G=| (+7.72i+15.1j) cm 


A, — 300, A, = 2.00 


^ 


(à  A=A,i+A,j=| -3.00i « 200j 


6)  lA[|- A? +A? = (-3.00)" - (200)? - [3661 


A 
laps ue. ee 0.667, tan! (—0.667) = —33.7° 
A, (3.00) 


x 


0 is in the 2" quadrant, so 0 = 180°+(—33.7°) =| 146° |. 


(c) R, =0,R, =—4.00, R=A+B thus B-R— A and 


B, =R, — A, 20-(-3.00) = 3.00, B, = R, - A, =—4.00 — 2.00 = —6.00. 


Therefore, B =| 3.001 — 6.00j |. 


Chapter 3 
P3.48 Let +x= East, +y= North, 


(a) o=tan!?7=[746° NofE 


(b) — RJ= x7 +y? =| 470 km 


P3.49 (a) R, = 40.0 cos 45.0°+30.0 cos 45.0? = 49.5 
R, = 40.0 sin 45.0°-30.0 sin 45.0°+20.0 = 27.1 


49.5i+27.1j 


( — |R|-4(495)' + (27.1)? =[56.4 
4( 271 - 
O=tan IE = [28.7° | 


r] 
I 


FIG. P3.49 


P3.50 Taking components along i and j , we get two equations: 


6.00a — 8.00b + 26.0 = 0 


and 
—8.00a + 3.005 +19.0 2 0. 


Solving simultaneously, 


à — 5.00, b — 7.00 |. 


Therefore, 


5.00A 7-7.00B - C — 0. 


70 Vectors 
Additional Problems 


P3.51 Let Q represent the angle between the directions of A and B. Since 


A and B have the same magnitudes, A, B, and R= A+B forman 


isosceles triangle in which the angles are 180?—0, = and T The 


0 
magnitude of R is then R2 2A cof 2). [Hint: apply the law of A 
cosines to the isosceles triangle and use the fact that B= A.] B -B 
Again, A, -B, and D — A — B form an isosceles triangle with apex FIG. P3.51 


angle 6. Applying the law of cosines and the identity 
(1-cos6)=2 sin?(£) 
2 
: : . (0 
gives the magnitude of D as D- 2A a2 


The problem requires that R — 100D. 


Thus, 2A of) = 200A sn( 2) . This gives tan( 2) = 0.010 and 


0—115? |. 


P3.52 Let Q represent the angle between the directions of A and B. Since 
A and B have the same magnitudes, A, B, and R = A +B forman 


isosceles triangle in which the angles are 180?—0, x, and T The 


magnitude of R is then R2 2A ed). [Hint: apply the law of 


cosines to the isosceles triangle and use the fact that B= A. ] 


Again, A, -B, and D = A — B form an isosceles triangle with apex 
angle 8. Applying the law of cosines and the identity FIG. P3.52 


(1-cos 6) =2 sin?(£) 
gives the magnitude of D as D = 2A sn( 2), 


The problem requires that R=nD or cof 2) =n sinf 2) giving 


0- ata (7.) ; 
n 


P3.53 


*P3.54 


*P3.55 


Chapter 3 


(a) R, =[ 2.00 |, R, =| 1.00 |, R, =| 3.00 


b R| 2 JR2 +R? + R2? 2 44.00 +1.00 +9.00 = 414.0 =| 3.74 
x y z 


R 
(c) cos 6, = R 0. e(t | 57.7? from +x 


R 
R R 
cos, = > 0, =cos !| — |=| 745? from +y 
R IR 
R 
cos, = ur 0, = cos !| —2 |=] 36.7? from +z 
R R| 


Take the x-axis along the tail section of the snake. The displacement from tail to head is 
240 mi + (420 — 240) mcos(180°-105°)i -180 msin 75° j = 287 mi — 174 mj. 


Its magnitude is (287)? + (174)? m= 335 m. From v= dne, the time for each child’s run is 


distance 335 m(h)(1 km)(3 600 s) 


-1015s 
(12 km)(1000 m)(1 h) 


Inge: At = 


dunar A See: 
3.33 m 


Inge wins by 126—101 =| 25.4 s |. 


The position vector from the ground under the controller of the first airplane is 


r, = (19.2 km) (cos 25°)i + (19.2 km) (sin 25°)j + (0.8 km)k 
- (17.41 811j - 0.8k) km. 


The second is at 


r, = (17.6 km)(cos 20*)i + (17.6 km)(sin 20°)j + (1.1 km)k 
- (16.51 + 6.02 -- 11K) km. 


Now the displacement from the first plane to the second is 
r, =r; - (-0.8631 - 2.09j  0.3k) km 


with magnitude 


(0.863)? -- (2.09)? + (0.3? - [2:29 km J. 
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72 Vectors 


*P3.56 Let A represent the distance from island 2 to island 3. The 
displacement is A= A at 159°. Represent the displacement from 3 
to las B=B at 298°. We have 4.76 km at 37° +A+B=0. 


For x-components 


(4.76 km) cos37°+A cos 159°+B cos 298° = 0 


3.80 km —0.934A + 0.469B = 0 
B = -8.10 km+1.99A FIG. P3.56 


For y-components, 


(a) 


(b) 


*P3.57 (a) 


(b) 


(4.76 km)sin 37?- A sin 159°+B sin 298° = 0 
2.86 km + 0.358A — 0.883B =0 


We solve by eliminating B by substitution: 


2.86 km + 0.358A — 0.883(-8.10 km + 1.994) 2 0 
2.86 km+0.358A + 7.15 km - 1.76A 2 0 
10.0 km = 1.40A 


A-2|717 km 


B — —8.10 km 4-1.99(7.17 km) =| 6.15 km 


We first express the corner's position vectors as sets of components 


A = (10 m)cos50°i + (10 m)sin 50^ j = 6.43 mi +7.66 mj 
B = (12 m)cos30°i + (12 m)sin30° j = 10.4 mî +6.00 mj. 


The horizontal width of the rectangle is 

10.4 m—6.43 m= 3.96 m. 
Its vertical height is 

7.66 m— 6.00 m= 1.66 m. 


Its perimeter is 


2(3.96 +1.66) m-|1L2m |. 


The position vector of the distant corner is Bi * Aj =10.4 mi+7.66 mj = 10.4? +7.667 m at 
-17.66m _ 
10.4 m 


tan 12.9 m at 36.4° |. 
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P3.58 Choose the +x-axis in the direction of the first force. The total force, y^. 
in newtons, is then 


31N a 
: à a n 7 7 12N 
12.04 +31.0j-8.40i - 240j =| (3.601) - (7.005) N |. a 
84 N AK ~~~ horizontal 
The magnitude of the total force is oe 
24N 
(3.60)? - (700)? N=[7.87N N 
FIG. P3.58 
ur (7.00) 
and the angle it makes with our +x-axis is given by tano = (8.60) 
0 = 62.8° . Thus, its angle counterclockwise from the horizontal is 
35.0°+62.8° — 197.8? |. 
P3.59 d, — 1001 y 5 
d, = -300j Lx 


d, = -150 cos(30.0°)î — 150 sin(30.0°)j = -130i - 75.0j 
d, = 200 cos(60.0*)i + 200 sin(60.0°)j =—100i +173} 


R=d,+d,+d,+d, - (136i - 202) m 
IR| = 4-130)? + (-202)? - [240 m 
g=tan! EJ = 57.2 
130 


6-180 9 =| 237° | 


d(4i «3j - 2j ` : 
P3.60 is A " | 2j=| -(2.00 m/s)j 


FIG. P3.59 


The position vector at t — 0 is 4i+ 3j. At t=1 s, the position is 4i + 1j, and so on. The object is 
moving straight downward at 2 m/s, so 


dr 7 7 
d represents | its velocity vector |. 


P3.61 v = v,i + v, j = (300 + 100 c0530.0*)i + (100 sin 30.0°)j 
v =(387i+50.0j) mi/h 


[y|=| 390 mi/h at 7.37° N of E 
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P3.62 


Vectors 


(a) 


(b) 


You start at point A: r; = r4 = (30.0i - 20.0j) m. 


The displacement to B is 
rg — r4 = 60.01 + 80.0j — 30.01 + 20.0j = 30.01 + 100j. 


You cover half of this, (15.01 + 50.0j) to move to r, = 30.0i 20.0j 415.01 + 50.0j = 45.01 + 30.0j : 


Now the displacement from your current position to C is 


rc — = 100i — 10.0j — 45.01 — 30.0j = -55.0i — 40.0j. 


You cover one-third, moving to 


r, =r, + Ar» = 45.01 + 30.0j + : (-55.0i - 40.05) = 2671 +16.7}. 
The displacement from where you are to D is 


rp -r = 40.0i — 30.0j — 26.71 — 16.7j = 13.31 — 46.7j. 


You traverse one-quarter of it, moving to 


nna no 1) = 26714167j + (133i 46.7j] = 30.01 +5.00j. 


The displacement from your new location to E is 


r; —r, = —70.0i + 60.0j — 30.01 — 5.00j = -100i + 55.0) 
of which you cover one-fifth the distance, —20.0i + 11.0), moving to 


r, + Arg; = 30.01 + 5.00j — 20.01 + 11.0j = 10.01 + 16.0}. 


The treasure is at | (10.0 m, 16.0 m) |. 


Following the directions brings you to the average position of the trees. The steps we took 
numerically in part (a) bring you to 


1 rA +r 
ra +5 (fs ra)=( T5 z) 
(ra+rg) 
then to faih) | ea utet 
farn en tp - A UO ey tty tre Hp 
3 4 4 

and last to (taro tip) rp- SET) ren tee tip erg 

4 5 5 : 


This center of mass of the tree distribution is the same location whatever order we take the 
trees in. 


*P3.63 


P3.64 


(a) 


(b) 


(a) 


(b) 


Chapter 3 
Let T represent the force exerted by each child. The x- y 
component of the resultant force is T 
T cos0 + T cos120°+T cos 240? = T(1) + T(-0.5) + T(-0.5) - 0. T 
The y-component is n I 
T sin0 +T sin 120 +T sin 240 = 0+ 0.866T —0.866T = 0. 
FIG. P3.63 


Thus, 


Y F=0. 


If the total force is not zero, it must point in some direction. When each child moves one 


space clockwise, the total must turn clockwise by that angle, iu . Since each child exerts 
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the same force, the new situation is identical to the old and the net force on the tire must still 
point in the original direction. The contradiction indicates that we were wrong in supposing 


that the total force is not zero. The total force must be zero. 
From the picture, R, =ai+bj and RJ - 42? +b? . 
R;- ai bj + ck; its magnitude is 


JIR]? +e? =ya? +b? +c’. 


FIG. P3.64 
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P3.65 


Vectors 


Since u 
i A+B 
A+B=6.00j, 
¢=20 
we have > ^ 
x 
(A, +B, )i+(A, +B, }j=0i +6.00) 
FIG. P3.65 
giving 
A, +B, =0 or A, ——B, 
and 


A, + By = 6.00. 
Since both vectors have a magnitude of 5.00, we also have 
Aj + Aj =B; +B; =5.00". 


From A, — —B,, it is seen that 


A2 -pg?, 
Therefore, A? +4; =B? + B gives 
2 p2 
Ay — B, 
Then, A, — B, and Eq. [2] gives 
A, =B, 2 3.00. 


Defining @as the angle between either A or B and the y axis, it is seen that 


A, B, 
X. 54.909. 6600 and 2551". 
A B 500 


cos 


The angle between A and B is then | 9 = 20 = 106° |. 


[1] 


[2] 


*P3.66 


P3.67 


P3.2 


P3.4 


P3.6 


P3.8 


P3.10 


P3.12 


P3.14 


Let Orepresent the angle the x-axis makes with the horizontal. Since 
angles are equal if their sides are perpendicular right side to right 
side and left side to left side, ĝis also the angle between the weight 
and our y axis. The x-components of the forces must add to zero: 


—0.150 N sin? + 0.127 N=0. 


(b  6=[57.9° 


Chapter3 TT 


FIG. P3.66 
(a) The y-components for the forces must add to zero: 
+T, — (0.150 N)cos579*- 0, T, - [0.0798 N |. 
(c) The angle between the y axis and the horizontal is 90.0°—57.9° = | 32.1? |. 
The displacement of point P is invariant under rotation of y 


f 2 
the coordinates. Therefore, r 2 r' and r? = (r') or, 


ty a(x’) 


+ (y). Also, from the figure, 3 =0—a 


FIG. P3.67 


Which we simplify by multiplying top and bottom by xcosa. Then, 


x'=xcosa+ysina, y’=—xsina+ycosa. 


ANSWERS TO EVEN PROBLEMS 


(a) (2.17 m, 1.25 m); (-1.90 m, 3.29 m); P3.16 
(b) 4.55 m 

P3.18 
(a) 8.60 m; 
(b) 4.47 m at -63.4°; 4.24 m at 135° P3.20 


(a) rat 180?—0; (b) 2r at 180°+ 0; (c) Brat-0 P3.22 


14 km at 65° north of east P3.24 
(a) 6.1 at 112°; (b) 14.8 at 22° P3.26 
9.5 N at 57° P3.28 
7.9 mat 4° north of west P3.30 


see the solution 

86.6 m and -50.0 m 

1.31 km north; 2.81 km east 
-25.0 m i+43.3 mj 

14.0 m/s at 11.3° west of north 
788 mi at 48.0° north of east 


7.21 m at 56.3° 


C-730 cm i-7.20 cmj 
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P3.32 


P3.34 


P3.36 


P3.38 


P3.40 


P3.42 


P3.44 


P3.46 


P3.48 


Vectors 


(a) 4.47 m at 63.4°; (b) 8.49 m at 135° 
42.7 yards 

4.64 m at 78.6° 

(a) 10.4 cm; (b) 35.5° 


1.43 x 104 m at 32.2? above the horizontal 


-220i +57.6j = 227 paces at 165° 


(a) (3.12 + 5.02j - 2.20k) km; (b) 6.31 km 


(a) (15311 « 7725) cm; 
(b) (772 « 15.1) cm; 


(c) (47:721 «154j) cm 


(a) 74.6? north of east; (b) 470 km 


P3.50 


P3.52 


P3.54 


P3.56 


P3.58 


P3.60 


P3.62 


P3.64 


P3.66 


a=5.00, b=7.00 


2tan! B 
n 
25.4s 


(a) 7.17 km; (b) 6.15 km 


7.87 N at 97.8? counterclockwise from a 
horizontal line to the right 


(22.00 m/s)j; its velocity vector 


(a) (10.0 m, 16.0 m); (b) see the solution 


(a) R, 2 di «bj; [Ry|= Va? +0? ; 
(b) R, =ai+bj+ck; [R;| 2 Và? +b? +c? 


(a) 0.079 8N; (b) 57.95; (c) 32.1 


04.4 
Q4.5 


Q4.6 


Motion in Two Dimensions 


ANSWERS TO QUESTIONS 


Q4.1 Yes. An object moving in uniform circular motion moves at a 
constant speed, but changes its direction of motion. An object 
cannot accelerate if its velocity is constant. 


Q4.2 No, you cannot determine the instantaneous velocity. Yes, you 
can determine the average velocity. The points could be widely 
separated. In this case, you can only determine the average 
velocity, which is 


Ax 
At. 


v= 


(a) 10i m/s (b -980j m/s? 


The easiest way to approach this problem is to determine acceleration first, velocity second and 
finally position. 

Vertical: In free flight, a, =—g. At the top of a projectile's trajectory, v, — 0. Using this, the 
maximum height can be found using vj, - vi + 2a,(y p= yi). 

Horizontal: a, =0,s0 v, is always the same. To find the horizontal position at maximum 


height, one needs the flight time, t. Using the vertical information found previously, the flight time 
can be found using v y = V; + 4,t. The horizontal position is x = vit. 


If air resistance is taken into account, then the acceleration in both the x and y-directions 
would have an additional term due to the drag. 


A parabola. 
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Q4.7 


Q4.8 


Q4.9 


Q4.10 


Q4.11 


Q4.12 


Q4.13 


Q4.14 


Q4.15 


Q4.16 


Q4.17 


Q4.18 


Q4.19 


Q4.20 


Q4.21 


Q4.22 


The balls will be closest together as the second ball is thrown. Yes, the first ball will always be 
moving faster, since its flight time is larger, and thus the vertical component of the velocity is larger. 
The time interval will be one second. No, since the vertical component of the motion determines the 
flight time. 


The ball will have the greater speed. Both the rock and the ball will have the same vertical 
component of the velocity, but the ball will have the additional horizontal component. 


(a) yes (b) no (c) no (d) yes (e) no 


Straight up. Throwing the ball any other direction than straight up will give a nonzero speed at the 
top of the trajectory. 


No. The projectile with the larger vertical component of the initial velocity will be in the air longer. 


The projectile is in free fall. Its vertical component of acceleration is the downward acceleration of 
gravity. Its horizontal component of acceleration is zero. 


(a) no (b) yes (c) yes (d) no 


60°. The projection angle appears in the expression for horizontal range in the function sin 20. This 
function is the same for 30° and 60°. 


The optimal angle would be less than 45°. The longer the projectile is in the air, the more that air 
resistance will change the components of the velocity. Since the vertical component of the motion 


determines the flight time, an angle less than 45? would increase range. 


The projectile on the moon would have both the larger range and the greater altitude. Apollo 
astronauts performed the experiment with golf balls. 


Gravity only changes the vertical component of motion. Since both the coin and the ball are falling 


from the same height with the same vertical component of the initial velocity, they must hit the floor 
at the same time. 


(a) no (b) yes 
In the second case, the particle is continuously changing the direction of its velocity vector. 
The racing car rounds the turn at a constant speed of 90 miles per hour. 


The acceleration cannot be zero because the pendulum does not remain at rest at the end of the arc. 


(a) The velocity is not constant because the object is constantly changing the direction of its 
motion. 
(b) The acceleration is not constant because the acceleration always points towards the center of 


the circle. The magnitude of the acceleration is constant, but not the direction. 


(a) straight ahead (b) in a circle or straight ahead 


04.23 


Q4.25 


Q4.26 


Q4.27 


Q4.28 
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Q4.24 


The unit vectors f and Ó are in different directions at different points in the xy plane. At a location 
along the x-axis, for example, f=i iand 6= j, but at a point on the y-axis, f = j and ĝ =-i. The unit 
vector i is equal everywhere, and j is also uniform. 

The wrench will hit at the base of the mast. If air resistance is a factor, it will hit slightly leeward of 
the base of the mast, displaced in the direction in which air is moving relative to the deck. If the boat 


is scudding before the wind, for example, the wrench’s impact point can be in front of the mast. 


(a) The ball would move straight up and down as observed by the passenger. The ball would 
move in a parabolic trajectory as seen by the ground observer. 


(b) Both the passenger and the ground observer would see the ball move in a parabolic 
trajectory, although the two observed paths would not be the same. 


(a) g downward (b) g downward 


The horizontal component of the motion does not affect the vertical acceleration. 


SOLUTIONS TO PROBLEMS 


Section 4.1 The Position, Velocity, and Acceleration Vectors 
P4.1 x(m) y(m) North 
0 —3 600 pop he ba ke aa e s] e wi 
IT T T T£. East 
-3 000 0 DAN M ad RM 
-1270 1270 DTTIROS 360m! 
EDO skakis -4 


-4270m -2330 m 


Ole tea each 
(a) Net displacement -Jx^.y? LEN 3000 m jj. 


=| 4.87 km at 28.6? S of W | 


FIG. P4.1 


(20.0 m/s)(180 s)+(25.0 m/s)(120 s)+(30.0 m/s)(60.0 s) 
180 s +120 s+ 60.0 s 


=| 233 m/s 


(b) Average speed = 


4.87 x 10? m 
360 s 


(c) Average velocity = = | 13.5 m/s along R 
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x 


P4.2 (a) r=| 180fi + (4.00t - 4.9047 )} 


(b) — v-|(180 mys)i+]4.00 m/s -(9.80 m/s?) |j 


(c) a=|(-9.80 m/s?Jj 


(d)  :(3:00s)- | (540 m)i - (321 m)j 


(e) . v(300s)-|(180 m/s)i -(25.4 nys)j 


(f a(3.00 s) =| (-9.80 m/s”) j 


*P4.3 The sun projects onto the ground the x-component of her velocity: 
5.00 m/s cos(-60.0?) =) 2.50 m/s |. 
P4.4 (a) From x = -5.00 sin wt, the x-component of velocity is 


d. x (5 \-s00 sinot)- -5.000 cos øt 
dt \dt 


d 
and a, = - =+5.00@7 sinøot 


similarly, v, = (5 am —5.00coswt)=0+5.00esinat 


and a, = (= sono sint) - 5.000? cosat. 


At £=0, v - -5.000 cos0i +5.00«sin0j=| (5001«0j) mys | 


and a - 5.000? sin 0i + 5.000? cos0j = | (oi 5.000) m/s? . 


(b) r=xi+ yj =| (4.00 m)j + (5.00 m)(- sinwti-cosat i) 


v =| (5.00 m)o|- coswtit+sina t 


a=| (5.00 m)o"[sinoti « cosot] 


(c) The object moves in | a circle of radius 5.00 m centered at (0, 4.00 m) |. 
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Section 4.2 Two-Dimensional Motion with Constant Acceleration 


P4.5 (a) Vy =v, tat 


NULLAM (9.001 + 7.00) - (3.001 — 2.005) -T2001 300) m/s: 
i 3.00 


» l1 s c : 2i os 
(6) — r-nevitezat = (3.004 - 205) + (2.004 + 3.00))¢ 


x=(3.00¢+t7) m | and | y=(1.50¢? - 2.001) m 


P4.6 (a) usus E Joni 6.00£j) =| -12.0¢ j m/s 


dt 


dv d e e 2 
ác -(4| 12.0t j)=| -120j m/s 


(b) r - (5.001 - 6.00) m; v=-12.0} m/s 


P4.7 v; = (400i +1.00j) m/s and v(20.0) = (20.01 — 5.00j) m/s 


A 0-4. 
(a) a, = m = x i m/s? =| 0.800 m/s? 


Av = _ 
wise 5.00 — 1.00 m/ De 
Y At 20.0 


0.300 m/s? 


(b) 0-tan! m = —20.6? =| 339? from + x axis 
0.800 


(c) At t=25.0s 


2 Nm 1 i 
xp cx eoube sau = 10.0 + 4.00(25.0) + 5 (0.800)25.0) - 


1 1 
Yf =Y; + vul zat = —4.00 + 1.00(25.0) + 5 (-0.300)(25.0)° =| -72.7 m 
Vy = Vy +A,t = 4+ 0.8(25) = 24 m/s 


v S 
0-tan !| — = tan a |= 15.2? 
Vy 24.0 
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P4.8 


*P4.9 


a = 3.00j m/s? ; Vi - 5.00i m/s; t -0i«0j 


(a) 


(b) 


(a) 


(b) 


(c) 


(d) 


r-nevielat?- || 500513008 | m 
f i i 2 2 


Vy Vj +at=] (5.00i + 3.00%) m/s | 


ee 4 A > 
t = 2.00 s, ry =5.00(2.00)î + 5 (3.00)(2.00)" j=(10.0i +6.00j) m 


so x; =| 10.0 m |, y; =| 600m 


v y =5.00i +3.00(2.00) - (5.001 6.005) m/s 
vf =|v |= Joy + Uy = (5.00) (6.00)? =| 7.81 m/s 


: 1 
For the x-component of the motion we have x, = x; + vf * gs. 


0.01 m = 0 + (1.80 10" nys)t+3(8 x10" m/s”)? 


(4x 10" m/s”) t? + (1.80 x10” m/s)t -10? m=0 


-1.80 x 107 m/s + "T x107 m/s) - 44x10" m/s? (-10 m) 
t= 
2(4 x 10 m/s?) 
_ -1.8x 107 +1.84 x10’ m/s 
8x10” m/s” 


We choose the + sign to represent the physical situation 


439 x10? m/s 


-10 
RU M 


Here 


2 
Yf =YitVytt : a? =0+0+ : (1.6 x10” m/s? (5.49 x10 s) -241x10^* m. 


So, | r; - (10.0 i+ 0.241 į) mm |. 


vy =v; tat - 180 107 m/si « (Bx 10" m/s^i +1.6 x 10? m/s? j (5.49 x 10? s) 


= (180 x 107 m/s) i + (4.39 x 10° m/s) i + (8.78 x 10° m/s) j 


=| (184x107 m/s)i + (8.78 x 10° m/s) j | 
lv |= ons x 107 m/s) +(8.78 x 10° m/s) - [185x107 m/s 


v 5 
0-tan | — |= tan! B HE =| 2.73° 
v, 1.84x10 


Section 4.3 Projectile Motion 


P4.10 


P4.11 


x= vt = 0; cos ĝ;t 
x - (300 m/s)(cos55.0°)(42.0 s) 


x2|723x10? m 


1 ; 1 
y= vy - 78 =U; sin; - > gt” 


1.68 x 10? m 


y - (300 m/s)(sin55.0°)(42.0 s)-z [o0 m/s? (42.0 s)? = 


(a) The mug leaves the counter horizontally with a velocity v; 
(say). If time t elapses before it hits the ground, then since there 


is no horizontal acceleration, x $73; i.e., 


xs _ (1.40 m) 


xi Oxi 


In the same time it falls a distance of 0.860 m with acceleration 


downward of 9.80 m/ s?. Then 


yr 7 Vi eos ez 0 = 0.860 mz (-90 zl 


Thus, 
4.90 m/s? (1.96 m? 
asl / i )- 3.34 m/s |. 
0.860 m 
(b) The vertical velocity component with which it hits the floor is 


0, = Uy ta t=0+ (-9.80 Eug --411 m/s. 


3.34 m/s 


Hence, the angle Q at which the mug strikes the floor is given by 


v 
0-tan'! “j ta ( 
Uy 


at |- 50.9° |. 
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FIG. P4.11 
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P4.12 The mug is a projectile from just after leaving the counter until just before it reaches the floor. Taking 
the origin at the point where the mug leaves the bar, the coordinates of the mug at any time are 


1 1 1 
Xy = Oy tt Fal =0,,t+0 and y, =dyjtt Say t? ze 


When the mug reaches the floor, y j^ —h so 


which gives the time of impact as 


(a) Since x, =d when the mug reaches the floor, x, =v, t becomes d - v, Ea giving the 
8 


initial velocity as 


(b) Just before impact, the x-component of velocity is still 


Uf = Vx; 


0, = Vy, +a,t=0-g a 
s 


Then the direction of motion just before impact is below the horizontal at an angle of 


while the y-component is 


2h 
U Sul 
0-tan | | «| -tan! NS ta (2) ; 
Ong d 8 d 
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1 
P4.13 (a) The time of flight of the first snowball is the nonzero root of y , = y; + vH + ^fi 


0=0+(25.0 m/s)(sin70.0°) t — 5(9.80 m/s” )t? 


j 2(25.0 m/s) sin 70.0° 


— 479 s. 
^ 9.80 m/s? 


The distance to your target is 


xy =X; 2 0H 7 (25.0 m/s)cos70.0* (4.79 s) = 41.0 m. 
Now the second snowball we describe by 
1 4 
Vr = Vi + Dyite $ 252 
0- (25.0 m/s)sin Ot, — (490 m/s?)t 


t, =(5.10 s)sin 0, 


41.0 m = (25.0 m/s)cos8,(5.10 s)sin@, = (128 m)sin@, cos 0, 


0.321 = sin 0, cos 0, 


1 
Using sin 20 = 2sin @cos @ we can solve 0.321 = jm 20, 


20, =sin ! 0.643 and 0, =| 20.0? |. 
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(b) The second snowball is in the air for time t, = (5.10 s)sin@, =(5.10 s)sin 20°= 1.75 s, so you 


throw it after the first by 


ty —tp = 4.79 s—1.75 s =| 3.05 s Í. 


P4.14 From Equation 4.14 with R =15.0 m, v; =3.00 m/s, 0 max = 45.0° 


2 

v? 900 : 
stc. [0.600 
$UR 150 m/s 
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P4.15 h 


B v? sin? 0; T v? (sin26;) 


: ; 3h=R, 
2g 8 


" 3o?sin?0, vj(sin26) 


2 


2g 8 
sin? 0, tan; 


or 
3 


*P4.16 (a) 


(b) 
(c) 


 sin20; 2 
thus 0; = tan ! (5) =| 53.1° J. 


To identify the maximum height we let i be the launch point and f be the highest point: 


vy = Oy + 2a (y, - y) 
0- v; sin? 0; + 2(-3)(Ymax E 0) 


lores v? sin? 0; 
max > 
2g 


To identify the range we let i be the launch and f be the impact point; where t is not zero: 
1 


0 20 v; sin ;t 4 Cs 
* 20; sin 0; 
& 


t 


1 
Xr =X; tole Say? 


2v; sind, 
Teese ee: 
For this rock, d = Y max 


v? sin? 0; _ 202 sin 0; cos 6; 


2g 8 
BEP cadre 
cos 0; 

0; = 76.0° 


Since g divides out, the answer is | the same | on every planet. 


The maximum range is attained for 0; = 45°: 


dmax _ Vi COS45°20; sin 45° g — 
d gv; COS 76°20; sin 76? 


2.125. 


So d max m 
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P4.17 (a) x, = V yi t = 8.00 cos 20.0° (3.00) = | 22.6 m 


(b) Taking y positive downwards, 


1 
Yf =dytt gt 


y; = 8.00 sin 20.0° (3.00) ++(9.80)(3.00)" =[523 m]. 


(c) 10.0 = 8.00(sin 20.0°)t + Z080). 


4.90t? + 2.74t -10.0 2 0 


-2.74 + (2.74)? +196 
t= =[118 s 


9.80 


*P4.18 We interpret the problem to mean that the displacement from fish to bug is 
2.00 m at 30°= (2.00 m)cos30°i + (2.00 m)sin30° j = (1.73 m)i + (1.00 m)j. 


If the water should drop 0.03 m during its flight, then the fish must aim at a point 0.03 m above the 
bug. The initial velocity of the water then is directed through the point with displacement 


(1.73 m)i + (1.03 m)j = 2.015 m at 30.7°. 
For the time of flight of a water drop we have 
Xr —Xjct Ut + Aa? 
2 


1.73 m =0 + (v; cos30.7°)t+0 so 


| 173m 
v; cos 30.7° ` 


The vertical motion is described by 
1 
The “drop on its path” is 


2 
173m | 


-3.00 cm = > (-9.80 we( a 
2 7; cos 30.7? 


Thus, 


| 173m |980 m/s? | "y 
i m em een m(12.8 Š )=[25.8 m/s]. 
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P4.19 (a) We use the trajectory equation: 


2 
Vy expand DT 
With 
x, = 36.0 m, v; = 20.0 m/s, and 0 = 53.0? 
we find 


(9.80 m/s? (36.0 m)? 


y ¢ - (36.0 m) tan 53.0? D =3.94 m. 
2(20.0 m/s)“ cos?(53.0°) 
The ball clears the bar by 
(3.94-3.05) m =| 0.889 m |. 
(b) The time the ball takes to reach the maximum height is 
.sin@, (20.0 m/s)(sin53.0° 
BULUM /s) : Pees. 
g 9.80 m/s 
; ; f Xf 
The time to travel 36.0 m horizontally is t, = — 
pt SOME -299 s. 
(20.0 m/s)(cos53.0°) 
Since t, >t; | the ball clears the goal on its way down |. 
P4.20 The horizontal component of displacement is x; = 0,;t = (vj cos6;)t. Therefore, the time required to 


reach the building a distance d away is t = 


. At this time, the altitude of the water is 
v; cos 0; 


2 
1 2 ] d g d 
=v ;t+—a,t" =v; sin0; : 
Jf 7 Uy T uy ' iz) T 


Therefore the water strikes the building at a height h above ground level of 


gd? 


a x E 


*P4.21 


(a) 


(b) 


(c) 
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For the horizontal motion, we have 


1 
24 m =0 + v;(cos53?)(2.2 s) - 0 
v; =| 18.1 m/s |. 


1 


As it passes over the wall, the ball is above the street by y; = y; + 0yt + gu 


y; 20 (181 m/s)(sin53°)(2.2 sz (55 m/s? (22 s)? - 813 m. 


So it clears the parapet by 8.13 m-7 m-|1.13 m |. 


Note that the highest point of the ball's trajectory is not directly above the wall. For the 
whole flight, we have from the trajectory equation 


& 2 
= (tan 6; )x , -| —,°—— |x 
< ( My ring] f 


or 
6 m - (tan53°)x ; | ae iia j 
2(18.1 m/s) cos? 53° 

Solving, 

(0.041 2 m! )x? -1.33x; +6 m=0 
and 

1.33 + „1.33? — 4(0.0412)(6) 

pu 2(0.0412 m") 

This yields two results: 


Xy = 26.8 m or 5.44 m 


The ball passes twice through the level of the roof. 


It hits the roof at distance from the wall 


26.8 m-24 m=| 2.79 m |. 
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*P4.22 When the bomb has fallen a vertical distance 2.15 km, it has traveled a horizontal distance x; given by 


x; = (8.25 km)? - (2.15 km)? = 2.437 km 


9.8 m/s”)(2.437 m)? 
2(280 m/s)” cos? 6, 
7.2150 m - (2437 m)tan 6; - (371.19 m)(1+ tan? 6,) 


-. tan? 0— 6.565 tan 0; — 4.792 - 0 


-.tan0; = (6.565 + (6.565)? 4(1)( 4792) | = 3.283 + 3.945. 


Select the negative solution, since 6; is below the horizontal. 


-. tan 0; =—0.662 , | 0; = —33.5° 


P4.23 The horizontal kick gives zero vertical velocity to the rock. Then its time of flight follows from 


1 
Vg = Vi + out uL 


40.0 m=0+0+ H 9.80 m/s?) 
t=2.86 s. 
The extra time 3.00 s — 2.86 s = 0.143 s is the time required for the sound she hears to travel straight 


back to the player. 
It covers distance 


(343 m/s)0.143 s = 49.0 m= 4x? + (40.0 m)? 


where x represents the horizontal distance the rock travels. 


x-283 m- vt 0t? 


283 m 
"Ux 773865 -[991 m/s] 
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P4.24 From the instant he leaves the floor until just before he lands, the basketball star is a projectile. His 
vertical velocity and vertical displacement are related by the equation 05 : Ovi + 2a,(y = yi): 


Applying this to the upward part of his flight gives 0 = Ovi + 2(-9.80 m/ s? \(1.85 — 1.02) m. From this, 
Vy; = 403 m/s. [Note that this is the answer to part (c) of this problem.] 
For the downward part of the flight, the equation gives v = 0 + 2(-9.80 m/s? (0.900 — 1.85) m. 


Thus the vertical velocity just before he lands is 


Vy 7 432 m/s. 
(a) His hang time may then be found from v,f = vy; + a,t: 


-432 m/s- 403 m/s+(-9.80 m/s?)t 


or t=| 0.852 s |. 


(b) Looking at the total horizontal displacement during the leap, x = v,;t becomes 


2.80 m= v,;(0.852 s) 


which yields v,; =| 3.29 m/s |. 
(c) Vy; =| 4.03 m/s |. See above for proof. 


Uyi : 
(d) The takeoff angle is: 0 — | : | -tan ( 
U 1 


M 


50.8° |. 


4.03 m/s s 
3.29 m/s 


(e) Similarly for the deer, the upward part of the flight gives 
252 : 
oy = voy + 2ay(y yp - vi): 


0- o2; - 2(-9.80 m/s”)(2.50-1.20) m 
so Vy; 2 5.04 m/s. 


For the downward part, o» i 07; + 2a,(y; - yi) yields vy =0+ 2(-9.80 m/s” (0.700 — 2.50) m 
and o, =—5.94 m/s. 


The hang time is then found as v,f = 0,; + a,t: -5.94 m/s =5.04 m/s + (-9.80 m/s?)t and 


t-112s. 
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*P4.25 The arrow’s flight time to the collision point is 


Xe- xi 
t=- LAN =5.19 s. 
v,i (45 m/s)cos50° 


The arrow’s altitude at the collision is 


1 
Yp=Y¥it Dy it LA 


=0+(45 m/s)(sin50°)5.19 s « —(-9.8 m/s? (519 s)? = 47.0 m. 


1 
2 
(a) The required launch speed for the apple is given by 
oy = vy + 2ay(ys =y:) 
0- 07; + 2(-9.8 m/s? (47 m- 0) 
yi =| 303 m/s |. 


(b) The time of flight of the apple is given by 


0=30.3 m/s-9.8 m/s?t 
t=3.10s. 


So the apple should be launched after the arrow by 5.19 s—3.10 s = 


*P4.26 For the smallest impact angle 


0-tan ! T 
Og 
we want to minimize v,, and maximize v, = v,;. The final y-component 
of velocity is related to v,; by OW = Ovi * 2gh, so we want to minimize o; 


and maximize v,;. Both are accomplished by making the initial velocity 


horizontal. Then v,; =v, v,; 20, and v,, = 42gh . At last, the impact 
angle is 


[^ 


J 2h 
o-un (22)- wn 2) 4 


2.09 s |. 


i 
i 
\ 
Y 
Y 
i} 
1 
1 


FIG. P4.26 
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Section 4.4 Uniform Circular Motion 


v? (20.0 m/s) 
PAST. Giga a O m/s? 


The mass is unnecessary information. 


2 
P4.28 — a= ae T = 24 h(3600 s/h) — 86 400 s 
g- 2ER _ 2n(6.37 x 10 m) 


= 463 m/s 
T 86 400 s 
(463 m/s)" T 
a=—-—__ z — =| 0.033 7 m/s^ directed toward the center of Earth |. 
6.37 x 10^ m 


P4.29 r 20.500 m; 


2zr  2a(0.500 m) 
a c als =10.47 m/s-|10.5 m/s 


200 rev 
v? (047) _ 
R 0.5 


219 m/s? inward | 


P4.30 4, = 


v = Jar = 3(9.8 m/s?)(9.45 m) =16.7 m/s 


Each revolution carries the astronaut over a distance of 27r = 2z(9.45 m) = 59.4 m. Then the rotation 


rate is 


1 rev 
16.7 nys( a | = 0.281 rev/s |. 


P4.31 (a) v=ro 
At 8.00 rev/s, v = (0.600 m)(8.00 rev/s)(2z rad/rev) = 30.2 m/s = 9.602 m/s. 


At 6.00 rev/s, v = (0.900 m)(6.00 rev/s)(2z rad/rev) = 33.9 m/s 2 10.82 m/s. 


6.00 rev/s | gives the larger linear speed. 


2 (9.60 m/s)” 


(b) Acceleration = — = =| 1.52 x 10° m/s? l. 
f 0.600 m 
2 
(10.87 m/s) 3 z 
(c) At 6.00 rev/s, acceleration = ——————— -=| 1.28 x 10 m/s $ 
0.900 m 
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P4.32 The satellite is in free fall. Its acceleration is due to gravity and is by effect a centripetal acceleration. 
4, =8 
so 
v2 
—— = pa é 
r 


Solving for the velocity, v = frg = (6,400 +600)(10° m)(8.21 m/s?) =| 7.58 x 10° m/s 


and 


25r 2a(7,000x10° m) 


Pesos z =| 5.80 x10° s 
U 7.58 x 10° m/s 
T 2 5.80 x 10? ( min) =96.7 min. 
60 s 
Section 4.5 Tangential and Radial Acceleration 
P4.33 We assume the train is still slowing down at the instant in question. 


2 
a, =——=1.29 m/s? 
T 


C 
Ay (7400 km/h)(10° m/km)( 54-) 
AL 15.0 s 


a= a? +a? = (0.29 m/s?) +(-0.741 m/s?) 


= -0741 m/s? 


ay 


al lus] a 0741 
at an angle of tan ( -tan FIG. P4.33 
a, 1.29 


a=| 1.48 m/ s? inward and 29.9? backward 


P434 (a) a, =| 0.600 m/s? 


v? (400 m/s)” 
r | 200m 


(c) a =a? +a? =| 1.00 m/s? 


0 = tan ! “1 =[53.1° inward from path 


(b) a, = =| 0.800 m/s? 


P435  r-250m,a-150 m/s? 


(a) 


(b) 


(c) 


P436 (a) 


(b) 


(c) 


a, =acos30.0° =(15.0 m/s? \(cos30°) = 13.0 m/s? 


so v? - ra, = 2.50 m(13.0 m/s?) =32.5 m?/s? 


v= 4325 m/s=| 5.70 m/s | 


a° =a? +a? 
so a, =a" - a2 = NEN m/s?) -(13.0m/s?) =| 7.50 m/s? 
See figure to the right. 


The components of the 20.2 and the 22.5 m/ s* along the rope together 
constitute the centripetal acceleration: 


a, =(22.5 m/s*)cos(90.0°-36.9°) + (20.2 m/s?)cos36.9*- | 29.7 m/s” 


2 
a, == so v= Jat = 4297 m/s? (1.50 m) = 6.67 m/s tangent to circle 
r 


v =| 6.67 m/s at 36.9° above the horizontal 


*P4.37 Let ibe the starting point and f be one revolution later. The curvilinear motion 
with constant tangential acceleration is described by 


4rr 
and vy =U; ta,t, vp =0+a;t= a The magnitude of the radial acceleration is a, = F3 


Then tan 0 = i 


1 
AX — Uyl uL 


Azr-0- ly 
2 
4rr 


linear 
m 


Agri? 1 
a, t716n*r 4r 


A=) 4.55° |. 
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pa 


~ 


a= 15.0 m/s? 


FIG. P4.35 


FIG. P4.36 


at 


FIG. P4.37 


vj 16n?r? 


tr 
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Section 4.6 Relative Velocity and Relative Acceleration 


P438 (a) Vy = 0 +ayt = (3.001 — 2.00) m/s? (5.00 s) 


vy = (15.01 -10.0j) m/s 


< 


=0-+at=(1.00i+3.00j) m/s? (5.00 s) 


< 


j =(5.00i+15.0j) m/s 


Vg = vy ~ Py = (15.01 - 10.0 - 5.001 - 15.0j) m/s 


Vi = (10.01 - 25.0) m/s 


vg] = V0.0)? + (25.0)? m/s =| 26.9 m/s 


(b) ty 20404 : agt? = X 2.00j) m/s? (5.00 s)? 
r4 = (37.51- 25.0) m 


n- (1.008 +3.00j) m/s? (5.00s)” = (12.51 +37.5j) m 


rg = ty - rj = (375i - 25.0] -12.5i-37.5j) m 


rj = (25.01 -625j) m 
bi] = 4(25.0)? (62.5) m - [673 m 


(c) aş = ay - aj - (3.001 - 2.00j 1.001 - 3.005) m/s? 


ary =| (200i -5.00j) m/s” 


*P4.39 v, = the velocity of the car relative to the earth. M 
v, = the velocity of the water relative to the car. 
Vive =the velocity of the water relative to the earth. 


These velocities are related as shown in the diagram at the right. Vue MTS 


(a) Since V we is vertical, v,,, sin 60.0°= v. = 50.0 km/h or L 
Vine =| 57.7 km/h at 60.0? west of vertical l. 


Ve = Vee * V wc 


(b) Since v „œ has zero vertical component, FIG. P4.39 


Uwe = Uwe COS 60.0° = (57.7 km/h) cos60.0°=| 28.9 km/h downward |. 


P4.40 


P4.41 


P4.42 


P4.43 
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The bumpers are initially 100 m = 0.100 km apart. After time t the bumper of the leading car travels 
40.0 t, while the bumper of the chasing car travels 60.0t. 
Since the cars are side by side at time t, we have 


0.100 + 40.0t = 60.0t, 


yielding 


t=5.00x10° h=]| 18.0 s |. 


2 
Total time in still water t = us = 2000 -|1.67 x 10? s |. 
v 120 


Total time = time upstream plus time downstream: 


ty 2204000 aioe 
P (1.20 - 0.500) 
1000 
Ídown = ————— = 588 s 
1.20 + 0.500 


Therefore, tota] = 1.43 x 10? +588 =| 202 x 10? s |. 


v = 4150? +30.07 =| 153 km/h 


@=tan | (22) =| 11.3° north of west 


For Alan, his speed downstream is c + v, while his speed upstream is c—v. 


Therefore, the total time for Alan is 


L 2L 


2 — 
Vc? -v? "mE 


Thus, the total time for Beth is t, = 


2 
: [^ ] . 
Since 1- US 1, t » t5, or Beth, who swims cross-stream, returns first. 
È 
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P4.44 (a) To an observer at rest in the train car, the bolt accelerates downward and toward the rear of 
the train. 


a= (2.50 m/s)” +(9.80 m/s)” =| 10.1 m/s? 
2.50 m/s? 
9.80 m/s? 
0 =| 14.3° to the south from the vertical 


tand= = 0.255 


(b) a=| 9.80 m/ s* vertically downward 


P4.45 Identify the student as the S’ observer and the professor as S y g 
the S observer. For the initial motion in S’, we have —> 
o u 
Bi oO’ x! 
y = tan 60.0°= V3. Yy 
v. [t 
Let u represent the speed of S’ relative to S. Then because O T 
there is no x-motion in S, we can write v, =v!,+u=0 so (a) 
that v; =—u=—10.0 m/s. Hence the ball is thrown ; 
backwards in S’. Then, d y 
mu 
vy 2 v, - J3 v; -10.043 m/s. ES ` 
oA Lt 
Using v; =2gh we find O' x do) x 
(b) (c) 
5 FIG. P4.45 
(10.03 m/ s) 


153 m |. 


p 2(9.80 m/s?) E 


The motion of the ball as seen by the student in S’ is shown in diagram (b). The view of the professor 
in S is shown in diagram (c). 


*P4.46 Choose the x-axis along the 20-km distance. The y- x 
components of the displacements of the ship and N 1 
the speedboat must agree: I M 
| 40° 1 25° 
(26 km/h)tsin(40°-15°) = (50 km/h)t sina 152 
a -sin 1 H9 457. 7 
50 E 
The speedboat should head d 
FIG. P4.46 


15°412.7° =| 27.7? east of north |. 
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Additional Problems 


*P4.47 


P4.48 


P4.49 


(a) 


(b) 


(c) 


(d) 


The speed at the top is v, = v; cos 6; = (143 m/s)cos45?- | 101 m/s |. 


In free fall the plane reaches altitude given by 


oy = oy 2a y; =y) 
0- (143 m/ssin 45°)” +2(-9.8 m/s? (y, - 31000 ft) 


y, 231000 ft +522 m{ 328 € [327195 & ]. 
f 1m 


For the whole free fall motion v,; = vy; t a,f 


-101 m/s - «101 m/s- (9.8 m/s”) 


v - Ja.r = ,/0.8(9.8 m/s? 4,130 m =| 180 m/s 
Jas = oso m/s*) [180 ms | 


At any time f, the two drops have identical y-coordinates. The distance between the two drops is 
then just twice the magnitude of the horizontal displacement either drop has undergone. Therefore, 


d 2/x(t) 2(v t) = 2(v; cos0;)t =| 2v,tcos0; |. 


1 
After the string breaks the ball is a projectile, and reaches the ground at time f: y, = of z^ 


1.20 m=0+ H 9.80 m/s? )t? 


so t = 0.495 s. 


; : x 
Its constant horizontal speed is v, = — 


| 2.00 m 
t 0495s 


= 404 m/s 


2 (404 m/s)” 
: =, Ux — E 2 
so before the string breaks a, ; 54.4 m/ s^ |. 


0.300 m 
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2 


PA50 — (à — yy-(tmo)Qr)- — 


Setting x,- dcos ó, and yr dsing, we have 


g 2 
Meng = Mane (AOR O) = a a. . FIG. P4.50 


2v; cos6;[sin 6; cos 9 — sin $ cos 6;] 


Solving for d yields, d = 


gcos” ó 
2v? cosÓ. sin(Q; — 
sys pees eld $) 
gcos^ó 
2 . 
2(4 _ 
(b) Setting a leads 6, = 45°42 and got) : 
do; 2 gcos“ ó 


P4.51 Refer to the sketch: 


(b) Ax — vL; substitution yields 130 = (v; cos35.0°)t. 


1 5 Eu en 
Ay=v,t+ p ; substitution yields 


20.0 = (v; sin 35.0°)t + 5 C989. 


Solving the above gives f=] 3.81 s |. 


(a) 0; =| 41.7 m/s 


[c V — vj Sind; — gt, Vy — vj cosÓj 
yf 1 i-8 X i 


FIG. P4.51 


At t=3.81 s, v,, =41.7sin35.0°-(9.80)(3.81) =| -13.4 m/s 


v, —(41.7c0s35.0?) =| 34.1 m/s 


v= oe +U 36.7 m/s |. 


P4.52 


P4.53 


P4.54 
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a The moon’s gravitational acceleration is the probe's centripetal acceleration: 
e P P 
(For the moon’s radius, see end papers of text.) 
v? 
a = — 
r 
1 2 v? 
—(9.80 m/s* | ————— — 
Al / 1.74x10° m 
0-42.84x105 m?/s? -| 1.69 km/s 
Amr 
b s PR 
6)  v-— 
6 
pat. em Lue KIU m). car 340? = TUR 
v 1.69 x 10° m/s 
2 (5.00 m/s)” re 
[ 2 - ~ 
a 4, =— = =| 25.0 m/s ^ ^ 
(a) C r 1.00 m [25.0 m/s? | Ps Xe 
/ \ 
a, =Z=| 9.80 m/s? i i 
25.0 25.0 
(b) See figure to the right. | Q | | p | 
985) ^ 2% a80 
2 2 
(c) a —- 4a? +a? = aso m/s?) + (9.80 m/s?) =| 26.8 m/s? NL Ler 
2 
p= za IE tan ! N ua =| 214? 
ac 250 m/s FIG. P4.53 
Xf = [UN = vt cos 40.0° 
Thus, when xX; = 10.0 m, t= SUNT. 
v; cos 40.0? 


At this time, yr should be 3.05 m- 2.00 m = 1.05 m. 


2 
; Sin 40.0°)10.0 m i 
(v; sin ) = gi m/s?) 10.0 m 
v; cos 40.0° 2 v; cos 40.0? 
10.7 m/s |. 


Thus, 1.05 m= 


From this, v; = 
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P4.55 The special conditions allowing use of the horizontal range equation applies. 
For the ball thrown at 45?, 


d s 
D-Res vi sin90 l 
For the bouncing ball, 
2 án 20 ay sin 20 
Daan ud ue 
s 8 


where ĝis the angle it makes with the ground when thrown and when bouncing. 


(a) We require: Bee Te 


Pe pm 
od S: 

v2 visin20 | vj sin20 pd gc E Ng 

zi LD. ° Ve GIUM aS 
8 x 4g 45 ae 
sin 20 = — I D > 

5 

0- 26.6 FIG. P4.55 


(b) The time for any symmetric parabolic flight is given by 


Lp 


Ys = vyt- 


1 
0= Ui sing - > gt A 


If t =0 is the time the ball is thrown, then t= BOISE is the time at landing. 
So for the ball thrown at 45.0? 
2v; sin 45.0? 
ty, = À——. 
8 
For the bouncing ball, 
20, sin 26.6° 2(Z.)sin266* — s sin 26.6° 
t=t,+t,=— — 4 IC uM 
8 8 
The ratio of this time to that for no bounce is 
3v; sin 26.6? 124 
E : 0.949 |. 


20; sin45.0° ~ 141 = 
& 
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P4.56 Using the range equation (Equation 4.14) 


_ v? sin(26;) 
8 


R 


2 
the maximum range occurs when 6; = 45°, and has a value R = Zi. Given R, this yields v; =./gR. 
& 


If the boy uses the same speed to throw the ball vertically upward, then 


2 
o, 2 JgR - gt and y= [gk 1-5 


at any time, f. 


At the maximum height, dy = 0, giving t= ic , and so the maximum height reached is 
8 


2 
R gf IR R [R 
= [gR [Z] =R-==|=]. 
Yia NY g il j 2 


P4.57 Choose upward as the positive y-direction and leftward as the 
positive x-direction. The vertical height of the stone when released yi 
from A or B is 


y; = (1.50 +1.20 sin 30.0°) m = 2.10 m 
(a) The equations of motion after release at A are 


y = v; sin 60.0°-gt = (1.30 — 9.80t) m/s vi 
v, = vj cos 60.0° = 0.750 m/s 
y - (240--130t - 4.9027) m 


Ax, = (0.7508) m FIG. P4.57 


[^ 


-1.30 + (1.30)? + 41.2 
When y=0, t= rT = 0.800 s. Then, Ax, =(0.750)(0.800) m =| 0.600 m |. 


(b) The equations of motion after release at point B are 


v, = 0;(—sin 60.0°) — gt = (-1.30 —9.80t) m/s 
v, = v; cos 60.0 = 0.750 m/s 


y; = (210 -1.30t - 4.9027) m. 


41.30 + (—1.30)? + 41.2 
When y=0,t= 2 = 0.536 s. Then, Axg = (0.750)(0.536) m = | 0.402 m |. 


2 (150 m/s)? 
(c) a, = 7 -( /s) =| 1.87 m/ s? toward the center 
r 1.20 m 


(d) After release, a = — gj =| 9.80 m/ s? downward 
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P4.58 The football travels a horizontal distance eee 
A i 
= 35.3 m. P 20m s Ax —- 


«————— R — > 


x v?sin(20;) (20.0) sin(60.0°) 
g 9.80 


Time of flight of ball is 
FIG. P4.58 
_ 20;8in@; _ 2(20.0)sin30.0° _ 
g 9.80 


t 2.04 s 


The receiver is Ax away from where the ball lands and A x = 35.3 - 20.0 = 15.3 m. To cover this 
distance in 2.04 s, he travels with a velocity 


v= 2 =| 7.50 m/s in the direction the ball was thrown |. 
+ 
P4.59 (a) Ay--zgli Ax=ot A div. 275 m/s 
"ERE +x 
Combine the equations eliminating t: 
2 9 
1 [Ax 3000 m 
Ay-— 5 g — |. 
Ui 
-2A 
From this, (A x)” = (2) ; x * 
& 
FIG. P4.59 


2g. [2A 975 [-2(7300) _ RR 
thus Ax - v | : 275, ggg 7 0:80 % 10° =| 680 km |. 


(b) The plane has the same velocity as the bomb in the x direction. Therefore, the plane will be 
3000 m directly above the bomb | when it hits the ground. 


^ 
(c) When ¢is measured from the vertical, tang = = 
y 


3 000 


A 
therefore, d= tan! | ^ = = SEE m =| 66.2° |. 
y 


*P4.60 


(a) 


(b) 


(c) 


(d) 


(e) 


(£), (8) 
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We use the approximation mentioned in the problem. The time to travel 200 m horizontally is 


A 
Ax 200m | 0.200 s. The bullet falls by 
v 1,000 m/s 


x 


1 2 1 2 2 

Ay=vyt+ z% =0+ A 9.8 m/s \(0.2 s) =| —0.196 m |. 
The telescope axis must point below the barrel axis 
_1 0.196 m 


by 0 = tan =| 0.0561° |. 
200 m 
50.0 m 
= —— = 0.0500 s. The bullet falls by only 50 150 200 250 
1000 m/s 


s FIG. P4.60(b) 
Ay= 58 m/s? (0.05 s)? = -0.0122 m. 


Atrange 50m- (200 m), the scope axis points to a location =(19.6 cm) = 4.90 cm above the 


barrel axis, so the sharpshooter must | aim low | by 4.90 cm- 1.22 cm- | 3.68 cm |. 


150m 


=——— -0.150s 
1000 m/s 


Ay- 5(-98 m/s? (0.15 s)? = 0.110 m 


Aim low | by ay 096 cm) - 11.0 cm =| 3.68 cm |. 
E DEDE TOC 
1000 m/s 


Ay- 5(-98 m/s? (0.25 s)? = 0.306 m 


Aim high | by 30.6 cm- = (196 cm) =) 6.12 cm |. 


Many marksmen have a hard time believing it, but 
they should aim low in both cases. As in case (a) above, 
the time of flight is very nearly 0.200 s and the bullet 
falls below the barrel axis by 19.6 cm on its way. The 
0.0561? angle would cut off a 19.6-cm distance on a 
vertical wall at a horizontal distance of 200 m, but on a 
vertical wall up at 30° it cuts off distance h as shown, 
where cos30°=19.6 cm/h, h= 22.6 cm. The marksman 


must | aim low | by 22.6 cm - 19.6 cm = 3.03 cm. The 


h 
answer can be obtained by considering limiting cases. 
Suppose the target is nearly straight above or below 
you. Then gravity will not cause deviation of the path bullet hits here 


scope axis 


of the bullet, and one must aim low as in part (c) to 


NE l i 
cancel out the sighting-in of the telescope FIG. P4.60(f-g) 
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P4.61 (a) From Part (c), the raptor dives for 6.34 — 2.00 = 4.34 s 
undergoing displacement 197 m downward and 
(10.0)(4.34) = 43.4 m forward. 


Ad 4(197)? + (43.4? 


EY. 434 -[465 mys] 


(b) a= tan 27) =| -77.6° 
43.4 
(c) 197 = js 1263458 FIG. P4.61 


P4.62 Measure heights above the level ground. The elevation y; of the ball follows 


1 2 
=R+0-—st 
Yo 2$ 


2 


f gx 
with x=v;t so y, =R- 2—. 
i 207 
(a) The elevation y; of points on the rock is described by 


y? +x? - R?. 


We will have y; = y, at x =0, but for all other x we require the ball to be above the rock 
surface as in y, > y,. Then yz +x? >R? 


2 
2 
(e- £3) +x? >R? 
0; 
2 2.4 
R 
R? E TE +x? >R? 
Ü; 


If this inequality is satisfied for x approaching zero, it will be true for all x. If the ball’s 
parabolic trajectory has large enough radius of curvature at the start, the ball will clear the 
gR 


whole rock: 1> 


(b) With v; = gR and y, =0, we have 0 = R- S— 
or x=RY2. 


The distance from the rock’s base is 


x-R=| (V2-1)R |. 


Chapter 4 


P4.63 (a) While on the incline 


vj - v? = 2aAx 
o; — 0 = 2(4.00)(50.0) 
20.0 — 0 = 4.00t 
v= 20.0 m/s 


t=] 5.00s 


FIG. P4.63 
(b) Initial free-flight conditions give us 
Vi = 20.0 cos 37.0°= 16.0 m/s 


and 


Vy, = -20.0 sin 37.0° = -12.0 m/s 


Vf = Vx; Since a, =0 


2, 7 - 2a Ay + 0,7 =  2(-9.80)-30.0) + (12.0)? =-27.1 m/s 


v= Pa + oy? - (16.0)? + (27537 =| 31.5 m/s at 59.4° below the horizontal 


De Uyi FA 
(c) H 5 8; to E yf yi _ 27.1+12.0 -1.535 
a, -9.80 


t=t, +t, =| 653s 


(d ^ Ax-vt = 16.0(1.53) =| 24.5 m 


P4.64 Equation of bank: y? =16x (1) 
Equations of motion: x=v;t (2) 


1 42 
ed (3 
Vi (3) 


2 


Substitute for t from (2) into (3) y = — > (5 


) Equate y 


from the bank equation to y from the equations of motion: 


2 
1 (x2 gà gà 
16x2|-—9$| — > —-16x-2x 16 |-0. 
| «G5 4v; 4v; 


4 4 \1/3 
From this, x 20 or x? = oat and x=4 = =| 18.8 m |. Also, 
2 2 
g 9.80 


-17.3 m |. 


1 [=| 1(9.80 (188) - 
2 (100) 
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Motion in Two Dimensions 


(a) 


(b) 


Coyote: Ax= DU 70.0 = 5 (150) 


Roadrunner: Ax-vjt;  700-vit 


Solving the above, we get 


v; =| 229 m/s | and t - 3.06 s. 


At the edge of the cliff, 


v4; = at = (15.0)(3.06) = 45.8 m/s. 


1 
Substituting into A y = 3v t^, we find 


-100 = g C98) 
t = 4.52 s 


Ax-Ub4 Za, t? =(45.8)(4.52 s) 5 050452 s). 


Solving, 


Ax=| 360m |. 


For the Coyote’s motion through the air 


Uy =V, +a, t= 45.8 + 15(4.52) -[ 114 m/s 


Uy = Uy +A, t =0—-9.80(4.52) =| 443 m/s |. 


Think of shaking down the mercury in an old fever thermometer. Swing your hand through a 
circular arc, quickly reversing direction at the bottom end. Suppose your hand moves through one- 
quarter of a circle of radius 60 cm in 0.1 s. Its speed is 


3(27)(0.6 m) _ 


=9 m/s 
0.1s / 
2 2 
and its centripetal acceleration is Ze aOR n 10? m/ ml 
r 0.6 m 


The tangential acceleration of stopping and reversing the motion will make the total acceleration 
somewhat larger, but will not affect its order of magnitude. 
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10.0m/s -7 


P4.67 (a) Ax- vu, Ay- ost eg? 
d cos 50.0? = (10.0 cos15.0°)t 
and 


-d sin 50.0? = (10.0 sin 15.09)t + 5 C988. 


Solving, d =| 43.2 m | and t = 288 s. 


(b) Since a, =0, FIG. P4.67 


Uf — U,; = 10.0c0s15.0?- | 9.66 m/s 
Vyp = Vy; t af = 10.0sin 15.0?—9.80(2.88) =| -25.6 m/s |. 


Air resistance would decrease the values of the range and maximum height. As an airfoil, he 
can get some lift and increase his distance. 


*P4.68 For one electron, we have 


yi ANd Vy 2 v, +4,t= a,b. 


1 1 
y-v,t,D-v&t* jut = jut. Uy =U 


The angle its direction makes with the x-axis is given by 


= 
` 
` 
e —| 


[7 [7 vt 
me -tan! -tan'! T -tan'! y . 
t 2D 


Vaf as e FIG. P4.68 


0-tan 


Thus the horizontal distance from the aperture to the virtual source is 2D. The source is at 
coordinate | x 2 -D |. 


*P4.69 (a) The ice chest floats downstream 2 km in time f, so that 2 km = v„t . The upstream motion of 
the boat is described by d = (v — v„)15 min. The downstream motion is described by 
2 km 


d+2km=(v+v,,)({—15 min). We eliminate t = and d by substitution: 


w 


(v - v,,)15 min+ 2 km=(v+ Ze 


w 


—15 min) 


v(15 min) - 7,,(15 min)+ 2 km = 2 km+2 km- v(15 min) - v„(15 min) 
w 


v(30 min) = — 2 km 


2 km 
Pw = 30 min =| 400 km/h |. 


(b) In the reference frame of the water, the chestis motionless. The boat travels upstream for 15 min 
at speed v, and then downstream at the same speed, to return to the same point. Thus it travels 
for 30 min. During this time, the falls approach the chest at speed v,,, traveling 2 km. Thus 


Ax 2km 
-— = =| 4.00 km/h |. 
Vw At 30min 
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*P4.70 Let the river flow in the x direction. 


(a) 


(b) 


(d) 


To minimize time, | swim perpendicular to the banks | in the y direction. You are in the 


water for time tin Ay = vt, t= Bom. 53.3 s 


15 m/s 


The water carries you downstream by Ax = v,t =(2.50 m/s)53.3 s =| 133 m |. 


To minimize downstream drift, you should swim so that ^ 
your resultant velocity v, +V,, is perpendicular to your 

swimming velocity v, relative to the water. This condition v, + v, 
is shown in the middle picture. It maximizes the angle 
between the resultant velocity and the shore. The angle - 
15 m/s Vu = 2.5 m/si 
2.5 m/s 


between v, and the shore is given by cos 0 = 


0-53. |. 


Now v, 2v, sin0- 15 m/s sin53.1°=1.20 m/s 


Ay 80m 
1.2 m/s 


t= = 66.7 s 


Uy 


Ax =0,t=(2.5 m/s-15 m/s cos53.1°)66.7 s =| 107 m |. 
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*P4.71 Find the highest firing angle 0y for which the projectile will clear the mountain peak; this will 
yield the range of the closest point of bombardment. Next find the lowest firing angle; this will yield 
the maximum range under these conditions if both 0y and 6; are > 45°; x = 2500 m, y=1800 m, 


v; = 250 m/s. 
1 i 1 
Yy; = vy - 7g 3 vi(sin )t - > gt” 
x, = Uf = 0;(cosA)t 
Thus 
a ae m 
7; cos 0 


Substitute into the expression for y, 


2 2 
, x 1 x gx 

f f f 

=0,(sind =x, tand-—_,—.— 
ypu) vicos 2 (- zs] f 2v? cos? 6 


2 


8x; 2 
- tan? 041 so y, 2 x , tanQ— 2— (tan? 0+1) and 
cos“ 0 TE 571 


2 2 
SXf 8 SX f 

= — tan’ 0—-x,tan0 + ——-4 y;. 
v? f 2v? di 


0 


Substitute values, use the quadratic formula and find 


tan 8 = 3.905 or 1.197, which gives 0y 275.6? and 0; =50.1°. 
v? sin20 3 
Range (at 0) = 2— — = 3.07 x 10° m from enemy ship 
8 
3.07 x 10? — 2 500 —300 = 270 m from shore. 
E v? sin 20, 


Range (at 0; )= — = 6.28 x 10° m from enemy ship 
8 


6.28 x 10? — 2 500 — 300 = 3.48 x 10? from shore. 


Therefore, safe distance is | < 270 m | or | » 3.48x10? m | from the shore. 


vj2250m/s — ^ ee 
zx 50, 1800 m 


RUE ONE 


aA 


2500 m >a 300 m_»! 


FIG. P4.71 
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d cos ó 


*P4.72 We follow the steps outlined in Example 4.7, eliminating t = 5 to find 


vj COS 


v; sin Od cos ó gd? cos? ¢ 
2v? cos? 6 


- -dsin 4. 
7; cos 0 á 


Clearing of fractions, 


2v? cos Osin 0cos @— gd cos? à = -2v? cos? sing. 


To maximize d as a function of 6, we differentiate through with respect to Gand set a =0: 


20? cos cos 0 cos ø + 2v? sin (—sin A) cos ¢—¢ = cos? ¢ = -2v?2.cos@(-sin6)sing. 


We use the trigonometric identities from Appendix B4 cos 20 = cos? 0— sin? 0 and 


sin 20 = 2sin 0cosÓ to find cos $cos 20 = sin 20sin 9. Next, eas 


4 =tan@ and cot20 = M 
cos ó tan 20 


cot 2¢ = tan ó = tan(90?—20) so ¢=90°-26 and 0= a-t ; 


ANSWERS TO EVEN PROBLEMS 


give 


P4.2 (a) r= 18.08 + (4.00t — 1907?) j; P4.8 (a) r = (5.00f 1.502) m; 
(b) v =18.0i + (4.00 — 9.801) j; v= (5.001 + 3.001) m/s; 
(c) a - (-9.80 m/s?)j; E 
: . (b) r - (10.01. 6.00j) m; 7.81 m/s 
(d) (54.0 m)i - (821 m)j; 
(e) (18.0 my s)i— (254 m/s)j; P410 — (723x10? m, 168 10? m) 
(f) (-9.80 m/s”); 
"NE [55 hori ; 
P4.4 are (-5.000i+0}) m/s; P4.12 (a) d 2n horizontally; 
a- (oi + 5.0009?) m/ s?; (b) ta (22) below the horizontal 
(b) r= 400 mj 
5 2 2 
+5.00 m(- sinoti -cosotj]; P4.14 0.600 m/s 
v=5.00 m o(-cos@ ti+sinat i); P4.16 (a) 76.0°; (b) the same; (c) 17d 
zia $ $ 8 
a=5.00 m o (sinoti+coswt)); 
(c) a circle of radius 5.00 m centered at P4.18 25.8 m/s 
(0, 4.00 m) 
2 
gd 
4 ^ P4.20 dtan 0, — ——— 9— —— 
P4.6 (a) v 2 -12.0tj m/s; a=-12.0j m/s?; ue (20? cos? a) 


(b) r = (3.001 - 6.003) m; v = -12.0j m/s 


P4.22 


P4.24 


P4.26 


P4.28 


P4.30 


P4.32 


P4.34 


P4.36 


P4.38 


P4.40 


P4.42 


P4.44 


P4.46 


33.5° below the horizontal 


(a) 0.852 s; (b) 3.29 m/s; (c) 4.03 m/s; 
(d) 50.8°; (e) 1.12 s 


U 


0.0337 m/ s? toward the center of the 
Earth 


0.281 rev/s 
7.58 x 10° m/s; 5.80 x 10? s 


(a) 0.600 m/s? forward; 
(b) 0.800 m/s? inward; 
(c) 1.00 m/ s? forward and 53.1° inward 


(a) see the solution; (b) 29.7 m/ s?; 


(c) 6.67 m/s at 36.9? above the horizontal 


(a) 26.9 m/s; (b) 67.3 m; 
(c) (2.001 -5.00}) m/s? 
18.0s 


153 km/h at 11.3? north of west 


(a) 10.1 m/ s? at 14.3? south from the 
vertical; (b) 9.80 m/ s? vertically 
downward 


27.7? east of north 


P4.48 


P4.50 


P4.52 


P4.54 


P4.56 


P4.58 


P4.60 


P4.62 


P4.64 


P4.66 


P4.68 


P4.70 


P4.72 


Chapter 4 
2v;t cos 0; 
(a) see the solution; 
b vi (1-sing) 
0; =45°+ — day = 
(b) i 2 max g cos? " 


(a) 1.69 km/s; (b) 6.47 x 10? s 

10.7 m/s 

R 

2 

7.50 m/s in the direction the ball was 
thrown 


(a) 19.6 cm; (b) 0.0561°; 
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(c) aim low 3.68 cm; (d) aim low 3.68 cm; 


(e) aim high 6.12 cm; (f) aim low; 
(g) aim low 


(a) ./gR ; (b) (v2 -1)R 

(18.8 m; —17.3 m) 

see the solution; ~ 10? m/ s? 
x=-D 


(a) at 90° to the bank; (b) 133 m; 


(c) upstream at 53.1° to the bank; (d) 107 m 


see the solution 


Q5.4 


Q5.5 


Q5.6 


The Laws of Motion 


ANSWERS TO QUESTIONS 


Q5.1 (a) The force due to gravity of the earth pulling down on 
the ball—the reaction force is the force due to gravity 
of the ball pulling up on the earth. The force of the 
hand pushing up on the ball—reaction force is ball 
pushing down on the hand. 


(b) The only force acting on the ball in free-fall is the 
gravity due to the earth -the reaction force is the 
gravity due to the ball pulling on the earth. 


Q5.2 The resultant force is zero, as the acceleration is zero. 


Q5.3 Mistake one: The car might be momentarily at rest, in the 
process of (suddenly) reversing forward into backward motion. 
In this case, the forces on it add to a (large) backward resultant. 


Mistake two: There are no cars in interstellar space. If the car is remaining at rest, there are 
some large forces on it, including its weight and some force or forces of support. 

Mistake three: The statement reverses cause and effect, like a politician who thinks that his 
getting elected was the reason for people to vote for him. 


When the bus starts moving, the mass of Claudette is accelerated by the force of the back of the seat 
on her body. Clark is standing, however, and the only force on him is the friction between his shoes 
and the floor of the bus. Thus, when the bus starts moving, his feet start accelerating forward, but 
the rest of his body experiences almost no accelerating force (only that due to his being attached to 
his accelerating feet!). As a consequence, his body tends to stay almost at rest, according to Newton's 
first law, relative to the ground. Relative to Claudette, however, he is moving toward her and falls 
into her lap. (Both performers won Academy Awards.) 


First ask, "Was the bus moving forward or backing up?" If it was moving forward, the passenger is 
lying. A fast stop would make the suitcase fly toward the front of the bus, not toward the rear. If the 
bus was backing up at any reasonable speed, a sudden stop could not make a suitcase fly far. Fine 
her for malicious litigiousness. 


It would be smart for the explorer to gently push the rock back into the storage compartment. 


Newton's 3rd law states that the rock will apply the same size force on her that she applies on it. The 
harder she pushes on the rock, the larger her resulting acceleration. 


117 


118 
Q5.7 


Q5.8 


Q5.9 


Q5.10 


Q5.11 


Q5.12 


Q5.13 


Q5.14 


Q5.15 
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The molecules of the floor resist the ball on impact and push the ball back, upward. The actual force 
acting is due to the forces between molecules that allow the floor to keep its integrity and to prevent 
the ball from passing through. Notice that for a ball passing through a window, the molecular forces 
weren't strong enough. 


While a football is in flight, the force of gravity and air resistance act on it. When a football is in the 
process of being kicked, the foot pushes forward on the ball and the ball pushes backward on the 
foot. At this time and while the ball is in flight, the Earth pulls down on the ball (gravity) and the ball 
pulls up on the Earth. The moving ball pushes forward on the air and the air backward on the ball. 


Itis impossible to string a horizontal cable without its sagging a bit. Since the cable has a mass, 
gravity pulls it downward. A vertical component of the tension must balance the weight for the 
cable to be in equilibrium. If the cable were completely horizontal, then there would be no vertical 
component of the tension to balance the weight. 

Some physics teachers demonstrate this by asking a beefy student to pull on the ends of a 
cord supporting a can of soup at its center. Some get two burly young men to pull on opposite ends 
of a strong rope, while the smallest person in class gleefully mashes the center of the rope down to 
the table. Point out the beauty of sagging suspension-bridge cables. With a laser and an optical lever, 
demonstrate that the mayor makes the courtroom table sag when he sits on it, and the judge bends 
the bench. Give them ^I make the floor sag" buttons, available to instructors using this manual. 
Estimate the cost of an infinitely strong cable, and the truth will always win. 


As the barbell goes through the bottom of a cycle, the lifter exerts an upward force on it, and the 
scale reads the larger upward force that the floor exerts on them together. Around the top of the 
weight's motion, the scale reads less than average. If the iron is moving upward, the lifter can 
declare that she has thrown it, just by letting go of it for a moment, so our answer applies also to this 
case. 


As the sand leaks out, the acceleration increases. With the same driving force, a decrease in the mass 
causes an increase in the acceleration. 


As the rocket takes off, it burns fuel, pushing the gases from the combustion out the back of the 
rocket. Since the gases have mass, the total remaining mass of the rocket, fuel, and oxidizer 
decreases. With a constant thrust, a decrease in the mass results in an increasing acceleration. 


The friction of the road pushing on the tires of a car causes an automobile to move. The push of the 
air on the propeller moves the airplane. The push of the water on the oars causes the rowboat to 
move. 


As a man takes a step, the action is the force his foot exerts on the Earth; the reaction is the force of 
the Earth on his foot. In the second case, the action is the force exerted on the girl's back by the 
snowball; the reaction is the force exerted on the snowball by the girl's back. The third action is the 
force of the glove on the ball; the reaction is the force of the ball on the glove. The fourth action is the 
force exerted on the window by the air molecules; the reaction is the force on the air molecules 
exerted by the window. We could in each case interchange the terms ‘action’ and ‘reaction.’ 


The tension in the rope must be 9 200 N. Since the rope is moving at a constant speed, then the 
resultant force on it must be zero. The 49ers are pulling with a force of 9 200 N. If the 49ers were 
winning with the rope steadily moving in their direction or if the contest was even, then the tension 
would still be 9 200 N. In all of these case, the acceleration is zero, and so must be the resultant force 
on the rope. To win the tug-of-war, a team must exert a larger force on the ground than their 
opponents do. 


Q5.16 


Q5.17 


Q5.18 


Q5.19 


Q5.20 


Q5.21 


Q5.22 


Q5.23 


Q5.24 


Q5.25 


Q5.26 
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The tension in the rope when pulling the car is twice that in the tug-of-war. One could consider the 
car as behaving like another team of twenty more people. 


This statement contradicts Newton's 3rd law. The force that the locomotive exerted on the wall is 
the same as that exerted by the wall on the locomotive. The wall temporarily exerted on the 
locomotive a force greater than the force that the wall could exert without breaking. 


The sack of sand moves up with the athlete, regardless of how quickly the athlete climbs. Since the 
athlete and the sack of sand have the same weight, the acceleration of the system must be zero. 


The resultant force doesn't always add to zero. If it did, nothing could ever accelerate. If we choose a 
single object as our system, action and reaction forces can never add to zero, as they act on different 
objects. 


An object cannot exert a force on itself. If it could, then objects would be able to accelerate 
themselves, without interacting with the environment. You cannot lift yourself by tugging on your 
bootstraps. 


To get the box to slide, you must push harder than the maximum static frictional force. Once the box 
is moving, you need to push with a force equal to the kinetic frictional force to maintain the box's 
motion. 


The stopping distance will be the same if the mass of the truck is doubled. The stopping distance will 
decrease by a factor of four if the initial speed is cut in half. 


If you slam on the brakes, your tires will skid on the road. The force of kinetic friction between the 
tires and the road is less than the maximum static friction force. Anti-lock brakes work by "pumping" 
the brakes (much more rapidly that you can) to minimize skidding of the tires on the road. 


With friction, it takes longer to come down than to go up. On the way up, the frictional force and the 
component of the weight down the plane are in the same direction, giving a large acceleration. On 
the way down, the forces are in opposite directions, giving a relatively smaller acceleration. If the 
incline is frictionless, it takes the same amount of time to go up as it does to come down. 


(a) The force of static friction between the crate and the bed of the truck causes the crate to 
accelerate. Note that the friction force on the crate is in the direction of its motion relative to 
the ground (but opposite to the direction of possible sliding motion of the crate relative to 
the truck bed). 


(b) It is most likely that the crate would slide forward relative to the bed of the truck. 


In Question 25, part (a) is an example of such a situation. Any situation in which friction is the force 
that accelerates an object from rest is an example. As you pull away from a stop light, friction is the 

force that accelerates forward a box of tissues on the level floor of the car. At the same time, friction 
of the ground on the tires of the car accelerates the car forward. 
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SOLUTIONS TO PROBLEMS 


The following problems cover Sections 5.1-5.6. 


Section 5.1 The Concept of Force 

Section 5.2 Newton's First Law and Inertial Frames 
Section 5.3 Mass 

Section 5.4 Newton's Second Law 


Section 5.5 The Gravitational Force and Weight 


Section 5.6 Newton's Third Law 


P5.1 For the same force F, acting on different masses 
F= m4 
and 
F=m,a, 


(b) F = (m; +m, )a = 4m;a = m; (3.00 m/s”) 
a =| 0.750 m/s? 
*P5.2 v, =880 m/s, m= 25.8 kg, x,=6m 
2 3 
v; = 2üx, —2x,| — 
f f (2 


2 
mu 
gut is 


1.66 x105 N forward 


àx, 


P5.3 m = 3.00 kg 
a - (200i -5.00j) m/s? 


YF = ma =| (600i 15.0) N 


TE F| = 4(6.00)* + (15.0)* N = 


P5.4 


P5.5 


P5.6 


Chapter 5 
F, = weight of ball = mg 


Uielease = V and time to accelerate =t : 


(a) Distance x = vt: 
2 2 
a Fv, 
(b) F, = Fj = Wb 


"ri 
I 
E 
- 
+ 
"tj 
— 


m — 400 kg, v; =3.00i m/s, vg = (8.001 + 10.0) m/s, t — 800 s 


Av 50019100] 1,2 
t 8.00 
F = ma =| (2.50i+5.00j) N 


F = (2.50)? + (5.00)? =[ 5.59 N 


(a) Let the x-axis be in the original direction of the molecule’s motion. 


v, =0;+at: —670 m/s=670 m/s+a(3.00x10™ s) 


a=| -447 x10? m/s? 


(b) For the molecule, X` F = ma. Its weight is negligible. 


F wall on molecule = £68 x 10° kg(-4.47 x10 m/s?) = -2.09 x10 N 


ae on wall — +2.09 x 10-9 N 
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P5.7 


P5.8 


P5.9 


P5.10 
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NEC, 
viv; 
(a) Y F=ma and vj — v? +2ax; or a= 2 


Therefore, 


(vi - v) 
LIU ra 


(7.00% 10° m/s?) - (3.00105 m/s?) | 


=| 3.64x1078 N |. 
2(0.050 0 m) 


> F=911x10™ kg 


(b) The weight of the electron is 


F, =mg=(9.11x10~! kg)(9.80 m/s?) =8.93 x10 N 


The accelerating force is | 4.08 x 10!! times the weight of the electron. 


(a) F, =mg=120 Ib=(4.448 N/Ib)(120 Ib) - [534 N 


F 
(b) m= PtN  [545kg 
g 9.80 m/s 


900 N 
9.80 m/s? 


(t), a, 798 eso ys?) - 238389] 


Imagine a quick trip by jet, on which you do not visit the rest room and your perspiration is just 
canceled out by a glass of tomato juice. By subtraction, (F,) —mg, and (Fs). —mgc give 
p 


F, =mg =900 N, m= = 91.8 kg 


AF, =m(g, - gc): 


For a person whose mass is 88.7 kg, the change in weight is 


AF, = 887 kg(9.809 5- 9.780 8) =| 2.55 N |. 


A precise balance scale, as in a doctor's office, reads the same in different locations because it 
compares you with the standard masses on its beams. A typical bathroom scale is not precise enough 
to reveal this difference. 


P5.11 


P5.12 


P5.13 


Chapter 5 
() — EF=F, +F, = (20.0 +15.0ĵ) N D 
$ F=ma: 20.0i+15.0j=5.00a ae 
= (400i t 3.00) m/s? F; 
or F, 
a=5.00 m/s? at 0=36.9° \ 60° 
F; 
(b) F>, = 15.0 cos 60.0°= 7.50 N 
Ej, =15.0 sin 60.0°= 13.0 N FIG. P5.11 
F, =(7.50i+13.0j) N 
DF =F; +F, = (27.51 +13.0ĵ) N = ma =5.00a 
=| (5.501 + 2.60j) m/s? 26.08 m/s? at 25.3° 
We find acceleration: 
I, = Yi = vit + Le 
2 
4.20 mi -3.30 mj=0+ ga(.20 s)? 20720 s?a 
= (5.881 - 458j) m/s’. 
Now YF = ma becomes 
F, +F, = ma 

F, = 2.80 kg(5.83i - 4.58j) m/s? + (2.80 kg)(9.80 m/s?) 

F, =| (16.31 +14.6j) N 
(a) You and the earth exert equal forces on each other: m,g = M,a,. If your mass is 70.0 kg, 


| (70.0 kg)(9.80 m/s?) 


e 


5.98x10™ kg 


(b) You and the planet move for equal times intervals according to x — ju 


50.0 cm high, 


zs 1072 


m/s? ; 


PRI 


d, RS 70.0 kg(0.500 m) 


? Tf the seat is 


m, ” . 598x107? kg 


~10 m 
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P5.14 XCF = ma reads 


(-2.001 + 2.00 + 5.001 — 3.00j - 45.01) N = m(3.75 m/s? Ja 


where à represents the direction of a 


(-42.01 1.005) N = m(3.75 m/s? à 


YF = (42.0) + (1.00)? N at ta 3 | below the —x-axis 


XCF = 42.0 Nat 181°=m(3.75 m/s?)à. 


For the vectors to be equal, their magnitudes and their directions must be equal. 


(a) ..| ais at 181° 
42.0 N 

b m = —— 

(0) 3.75 m/s? 


counterclockwise from the x-axis 


-|112kg 


(d ^ vysv;*atz0«(375 m/s? at 181°)10.0 s so v, =37.5 m/s at 181° 


^ 


v; =37.5m/s cosi81°i+37.5m/s sin181°j so v, =| (-37.5i - 0.895j) m/s | 


(c) v |= 37.5? - 0.893? m/s = 
P5.15 (a) 15.0 Ib up 

(b) 5.00 Ib up 

(c) 0 
Section 5.7 Some Applications of Newton's Laws 
P516 v, ciere da "ELM 

dt ” dt 
ay ge m — =18t 
t 


At t=2.00s, a, =10.0 m/s”, a, =36.0 m/s? 


SOF, =ma,: 3.00 kg(10.0 m/s?) = 30.0 N 
SOF, = ma: 3.00 kg(36.0 m/s?) = 108 N 


DoF =F +F? =[112N 


P5.17 


P5.18 


P5.19 
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m =1.00 kg 50.0 m 
mg =9.80 N S 
0.200 m 
tana = 


~ 250m T T 
a = 0.458° 


Balance forces, 


mg 
2T sina = mg 
T= End N -[613N FIG. P5.17 
2sina 
T; =F; (1) 
T; sin; +T; sin; = F, (2) 
T; cos 0; = T, cos 0, (3) 


Eliminate T, and solve for Tj 


F, cos 0, F, cos 0, 


"(sin @, cos; +cos; sin) sin(O, +0,) 


T; = E =| 325 N 
E E EN 
1780 sin 85.0° 
cos 0. cos 60.0? 
T, =T. 1 |=296 N| — —— |=| 163 N 
(25. (s n FIG. P5.18 


See the solution for Tjin Problem 5.18. 
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P5.20 — (a) 
(b) 
P5.21 (a) 
(b) 
(c) 


An explanation proceeding from fundamental physical principles will 
be best for the parents and for you. Consider forces on the bit of string 
touching the weight hanger as shown in the free-body diagram: 


Horizontal Forces: ^F, = ma,: —T, +T cos6 =0 
Vertical Forces: 5 F, =ma,: =F; +Tsinĝ=0 


FIG. P5.20 


You need only the equation for the vertical forces to find that the tension in the string is 


F; 


sin? 
the counterweight hangs on the string. On the other hand, the kite does not notice what you 
are doing and the tension in the main part of the string stays constant. You do not need a 
level, since you learned in physics lab to sight to a horizontal line in a building. Share with 
the parents your estimate of the experimental uncertainty, which you make by thinking 
critically about the measurement, by repeating trials, practicing in advance and looking for 
variations and improvements in technique, including using other observers. You will then 
be glad to have the parents themselves repeat your measurements. 


given by T= . The force the child feels gets smaller, changing from T to T cos 6, while 


ORO 0.132 kg(9.80 m/s?) _ 


sin 0 sin 46.3? 


1.79 N 


Isolate either mass j T 


T+mg=ma=0 


[T|- mg]. 
The scale reads the tension T, l 49.0N 
so FIG. P5.21(a) 
T =mg = 5.00 kg(9.80 m/s”) =[ 49.0 N . 
Isolate the pulley i 
T,+2T, =0 © 
T; = 2[T;|= 2mg =| 98.0 N |. | | 


du 4i 
X F=n+T+mg=0 


Take the component along the incline Eo 


n, +T, +mg, —0 y 


N 
n T .* 
: ee 
0+T-—mgsin30.0°=0 i 
N 
be 


5.00(9.80 
T = mg sin 30.0° = ees ee) 
2 2 49.0N S 


=| 24.5 N |. 


FIG. P5.21(c) 


P5.22 


P5.23 


*P5.24 


The two forces acting on the block are the normal force, n, and the 
weight, mg. If the block is considered to be a point mass and the x- 
axis is chosen to be parallel to the plane, then the free body 
diagram will be as shown in the figure to the right. The angle ĝis 
the angle of inclination of the plane. Applying Newton's second 
law for the accelerating system (and taking the direction up the 
plane as the positive x direction) we have 


Y IE,-n-mgcos0 —0: n — mgcos 
XCF, -—mgsin0 = ma: a = —gsin 


(a) When 0 = 15.0? 


a —| —2.54 m/s? 


(b) Starting from rest 


oj up. + a(x, — x;) = ax, 


lo, |= ax = 2(-2.54 m/s?)(~2.00 m) =[3.18 m/s 
v Vor 
— — 


Choose a coordinate system with i Eastand j North. 


XF- ma =1.00 kg(10.0 m/s?) at 30.0" 


(5.00 N)j  F, = (10.0 N)Z30.0*- (5.00 N)j + (8.66 N)i 
<. F, =| 8.66 N (East) 


First, consider the block moving along the horizontal. The only 
force in the direction of movement is T. Thus, X` F, = ma 


T —(5 kg)a (1) 


Next consider the block that moves vertically. The forces on it are 
the tension T and its weight, 88.2 N. 


We have S E =ma 


88.2 N -T = (9 kg)a (2) 


Chapter5 127 


Ve 


mgsin@ 
0! 
nigcos 0 


+x 


FIG. P5.22 


FE 


FIG. P5.23 


F,- 88.2 N 


FIG. P5.24 


Note that both blocks must have the same magnitude of acceleration. Equations (1) and (2) can be 


added to give 88.2 N = (14 kg)a. Then 


| a=6.30 m/s? and T=315N |. 
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P5.25 After it leaves your hand, the block’s speed changes only 
because of one component of its weight: 
ME =ma, —mgsin20.0°= ma 
oj = v2 + a(x, —x;). 
Taking v= 0, v; — 5.00 m/s, and a=—gsin(20.0°) gives 
0 = (5.00) — 2(9.80) sin(20.0* (x ; — 0) 
Or 
ia jm ENT ge 
P5.26 mı = 2.00 kg, m, =6.00 kg, 0 = 55.0? 
(a) SOF, =m,gsin0-T=m,a 
and 
T-mg=mya 
m,gsinĝ -m 
Ta EU 18 - [357 m/s? | 
(b) T=m,(a+g)=| 26.7 N 
(c) Since v; 20, v; =at = (3.57 m/s”)(2.00 s)=| 7.14 m/s |. 
*P5.27 We assume the vertical bar is in compression, pushing up 


on the pin with force A, and the tilted bar is in tension, 
exerting force B on the pin at —50°. 


S.F, =0: -2500 Ncos30°+Bcos50°=0 
B-337x10 N 
-2 500 Nsin30°+A -3.37 x 10? N sin50°=0 
A =3.83 x10? N 


XF, = 0: 


Positive answers confirm that 


B is in tension and A is in compression. 


iJ 
| 
| 
T 
-- scd 
mg 
| 
i Mygcos 6 ue 
FIG. P5.26 


2500N 


2 500 N cos30° 


B cos50° 


"Lb 


2 500 N sin30? Bsin50? 


FIG. P5.27 


P5.28 


*P5.29 


First, consider the 3.00 kg rising mass. The forces on it are 
the tension, T, and its weight, 29.4 N. With the upward 
direction as positive, the second law becomes 


Rising Mass 


YF, =ma,: T 29.4 N = (3.00 kg)a (1) 


The forces on the falling 5.00 kg mass are its weight and T, 
and its acceleration is the same as that of the rising mass. 
Calling the positive direction down for this mass, we have 


YF, =ma,: 49 N -T = (5.00 kg)a Q) 


Equations (1) and (2) can be solved simultaneously by adding them: 


ml, = 3.00 kg 


(Fy), =29.4N 
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m,= 5.00 kg | + 


(Ej) -49 N 


FIG. P5.28 


T —29.4N + 49.0 N —T = (3.00 kg)a + (5.00 kg)a 


(b) 


This gives the acceleration as 


Q2196N — 
8.00 kg 


2.45 m/s? . 


(a) Then 


T—29.4 N — (3.00 kg)(2.45 m/s?)- 735 N. 


The tension is 


36.8 N |. 


(c) Consider either mass. We have 
12 1 2 2 
y= Bst Hr =0+ 5 (2-45 m/s J(1.00 s) = 


As the man rises steadily the pulley turns steadily and the tension in 
the rope is the same on both sides of the pulley. Choose man-pulley- 
and-platform as the system: 


DF, =ma, 
+T -950N 20 
T 2950 N. 


The worker must pull on the rope with force | 950 N |. 


1.23 m |. 


950N 


FIG. P5.29 
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*P5.30 Both blocks move with acceleration a — | 


P5.31 


The Laws of Motion 


(a) 


(b) 


Vyf = Uy +A t: 


M- Mı 
mM, +m, 


Je 


= UT m/s? =5.44 m/s? : 


7kg+2ke 


vy = v2. + 2a,(x; -x) 


X= 


x= 


Take the upward direction as positive for my. 


0 =(-2.4 m/s)” +2(5.44 m/s”)(x, -0) 


7 PN UE) 
576 m/s _ 0529 m 


7.40 m/s upward 


Ong = 


Forces acting on 2.00 kg block: 


2(5.44 m/s?) 


0.529 m below its initial level 


v, =-2.40 m/s « (5.44 m/s? (1.80 s) 


=e 8 kg 
EL Se (1) TU LO 
: "T N 
Forces acting on 8.00 kg block: 
F, -T = Ma (2) 
(a) Eliminate T and solve for a: 
Bg TELIMI TE 
z = Note that 
pee -|slope changes |. 104 - 
- at Fy=-78.4N i sf 
a>0 for F, >m,g=19.6 N |. P| 
RUE -100 - Ope 4 T 
(b) Eliminate a and solve for T: | ; | 
m4 DO Leer p cer RAINE SA A LE EDATEA NE E LA ELO PEA sped repere 
T= F, +m 
mem < 28) 
FIG. P5.31 
T =0 for F, < —m,g = —78.4 N |. 
(c) F,,N -100 -78.4 -50.0 0 50.0 100 
a,, m/s? -12.5 -9.80 -6.96 -1.96 304 804 
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*P5.32 (a) For force components along the incline, with the upward direction taken as positive, 


SF, =ma,: -mgsinü-ma, 
ay =-gsind=-(98 m/s”) sin35°= -5.62 m/s”. 


For the upward motion, 
Oy = v + 2a, (x; — x) 
0 - (5 m/s)" +2(-5.62 m/s? (x, -0) 


2 25 m?/s? 
^ X562 m/s?) 


2.22 m |. 


(b) The time to slide down is given by 


1 
Xf =X; tour P 


1 
0-222 m+0+ ;0 ns? JP? 


2(2.22 m) 
t= |———_ = 0.890 s. 
5.62 m/s 


For the second particle, 


1 
Xf — Xi HOt tzat 


0=10 m+ 0,,(0.890 s)+(-5.62 m/s”)(0.890 s)? 


T -10 m + 2.22 m 
€ 0.890 s 


= 874 m/s 


speed =| 8.74 m/s |. 
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P5.33 First, we will compute the needed accelerations: 
(1) Before it starts to move: a, =0 
0, Uyi 1.20 -0 
(2) During the first 0.800 s: QS E DUDAS 
? t 0.800 s 


=1.50 m/ g^ 
(3) While moving at constant velocity: ay = 0 
Oy —0y; O-1.20 
(4) During the last 1.50 s: "em Mot om m/s 


d t 1.50 s 
= -0.800 m/s? 


FIG. P5.33 


Newton's second law is: 2o =ma, 


+S —(72.0 kg)(9.80 m/s?  - (72.0 kg)a 
8 y 
S =706 N +(72.0 kg)a, . 


(a) When a, 20, S =| 706 N |. 


(b) | Whena,—150 m/s”, S=| 814N |. 


(c) When a, 20, S =| 706 N |. 


(d) When a, =—0.800 m/s”, 5 =| 648 N |. 


P5.34 (a) Pulley P, has acceleration a3. 
Since m, moves twice the distance P, moves in the same 


time, m, has twice the acceleration of P4, i.e., | a; = 2a, |. 


(b) From the figure, and using 
$ F=ma. m,g-T, =m, (1) 
T,-m,a -2m,n, (2) 
T; -2T; 20 (3) FIG. P5.34 


Equation (1) becomes m; — 2T, =m, a,. This equation combined with Equation (2) yields 


mı 
_ am and | T, = am 
2m; + 7M my +32 
(c) From the values of T; and T, we find that 
T m m 
4 == = and a, =—a, = 28 
Mı 2m, Tim, 4m, +My 
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Section 5.8 Forces of Friction 


*P5.35 +y | 
! "ground =Fy/2 = 85.0 Ib 


F= 170 Ib 


Free-Body Diagram of Person — Free-Body Diagram of Crutch Tip 
FIG. P5.35 
From the free-body diagram of the person, 
XOF, = F sin(22.0°)— F, sin(22.0°) =0, 
which gives 
F, =F, =F. 
Then, DF, = 2F cos 22.0°+85.0 lbs — 170 lbs = 0 yields F = 45.8 Ib. 
(a) Now consider the free-body diagram of a crutch tip. 
XOF, = f - (458 Ib)sin 22.0°=0, 
or 
f =17.2 lb. 
5 F, = ng, — (45.8 Ib) cos 22.0°=0, 
which gives 


For minimum coefficient of friction, the crutch tip will be on the verge of slipping, so 


f —17.21b 
= — u.n, and u.=——= =| 0.404 |. 
P= aas = Hs! ip mg, 42.5 Ib 


(b) As found above, the compression force in each crutch is 


F, =F, =F =| 458 1b |. 
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P5.36 


p5.37 


The Laws of Motion 


For equilibrium: f =F and n = F,. Also, f =n i.e., 


F 
H= Í z E 

LEES: 

u= m _ 0.306 
25.0(9.80) N 

and 

ma E ae 

25.0(9.80) N 


DF, =ma,: +n-mg=0 
fh Sun = uu mg 


FIG. P5.36 


This maximum magnitude of static friction acts so long as the tires roll without skidding. 


The maximum acceleration is 


YE-mas -fo-2ma 


ü — —Hs8 - 


The initial and final conditions are: x; 20, v; 2 50.0 mi/h = 22.4 m/s, v, =0 


vj = v? + a(x, — x;) -v; =— 2p BX f 


() ap 


„ __ (24 m/s)” 
^ 2(0100(9.80 m/s?) - 


2 
Vi 


2g 
„__ 04 m/s) 
^ 2(0.600)(9.80 m/s?) - 


(b) x, 


256 m 


42.7m 
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P5.38 If all the weight is on the rear wheels, 


(a) F=ma: u,mg-ma 
But 
Ar= at^ E ug 
2 2 
_ 2Ax, 
Ls gt? N 
2(0.250 mi)(1 609 m/mi) 
U; = ; z =| 3.34 
(9.80 m/s? (496 s) 
(b) Time would increase, as the wheels would skid and only kinetic friction would act; or 


perhaps the car would flip over. 


*P5.39 (a) The person pushes backward on the floor. The floor pushes forward 
on the person with a force of friction. This is the only horizontal 
force on the person. If the person's shoe is on the point of slipping 
the static friction force has its maximum value. 


$ F, =ma,: f=umn=ma,; 
DA, =ma,: n-mg=0 
ma, = u,mg Ay = Hg = 0.5(9.8 m/s?) =49 m/s? 
X,=X;+0 yela p 3m-0«0«1(49 m/s? |i? PIG. P22? 
f i xi 2 * 2 
t=|111s 
1 2 2x, 2(3 m) 
(b) x, => ugt = = =| 0.875 s 
P usg (0.8 9.8 m/s?) [pes] 
P5.40 Msuitcase = 20.0 kg, F = 35.0 N F 
"M d 
YF, =ma,: -20.0 N-«Fcos0-0 Í Te 
DF, =may: +n+Fsind-F, =0 £-20N r] 
(a) F cos 0 = 20.0 N n | 
20.0 N 
= = 0.571 
35.0N FIG. P5.40 
0 — 55.2? 
(b) n — F, —Fsin6 — [196 — 35.0(0.821)| N 


n=167N 
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P5.41 m — 3.00 kg, 0 = 30.0°, x = 2.00 m, t=1.50 s 


(a) 


(b) 


(c) 


(d) 


xdg 
2 


2.00 m= E s)? 


FIG. P5.41 


X F=n+f+mg=ma: 


Along x: 0- f+ mg sin30.0°= ma 
f = m(g sin30.0?-4) 

Along y: n+0 -mg cos30.0°=0 
n = mg cos 30.0° 


in 30.0°— 
Jf SE 9 Penang erg aeg 


n mg cos 30.0? gcos 30.0? 


Hk 


f =m(gsin30.0°—a), f = 3.00(9.80 sin 30.0°—1.78) =| 9.37 N 


oj =v; + 2a(x, —x;) 
where 
x; — x; = 2.00 m 


v7 =0 + 2(1.78)(2.00) 2 7.11 m?/s? 


2,247411 m?/s? =| 2.67 m/s 
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*P5.42 First we find the coefficient of friction: 


DF, =0: +n-mg=0 
f =u = umg pane 
$ F, =ma,: 0j =v; +24,Ax=0 mgs 
mv? 
E 4 SU f 
IUE . (88 ft/s)” eg 
2g^x 2321 ft/s^)123 f — mg cos10? 


mg sin10^ 


Hs 


FIG. P5.42 
Now on the slope 


p +n —mgcos10°=0 
fs = Ms = u,mg cos 10° 
mov; 
2Ax 
v2 


Ax _ 1 
2g( u, cos10?- sin 10°) 


, (88 ft/s)” F 
2(32.1 ft/s? (0.981 cos 10° sin 10°) 


YE =ma,: -umg cos10°+mg sin10°=-— 


152 ft |. 


P5.43 T — f, — 5.00a (for 5.00 kg mass) 


9.00g —T = 9.00a (for 9.00 kg mass) 


Adding these two equations gives: 


9.00(9.80) — 0.200(5.00)(9.80) = 14.0a 
ü — 5.60 m/s? 

^. T = 5.00(5.60) + 0.200(5.00)(9.80) 

=| 37.8 N 


FIG. P5.43 
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P5.44 Let a represent the positive magnitude of the acceleration -aj of 


m,, of the acceleration -ai of m 2, and of the acceleration m of m3. 
Call T;; the tension in the left rope and T5, the tension in the cord 


on the right. 
For m, bp =ma, +T —m4g =—m,a 
For mz, Fy = may Thy + un + T3 = —mja 
and Y EB-ma, n—mjg-0 
Tiz Tj 
for m3, 2 Fy =ma, T5, —m34g =+m3a 


we have three simultaneous equations 
—T5 +39.2 N = (4.00 kg)a 


«T; — 0.350(9.80 N) — T; = (1.00 kg)a mg msg 
+T; 19.6 N = (2.00 kg)a. 


FIG. P5.44 
(a) Add them up: 
+39.2 N —3.43 N — 19.6 N — (7.00 kg)a 
a =| 2.31 m/s? , down for m,, left for m,, and up for m, |. 
(b) Now —Tj; +39.2 N = (400 kg)(2.31 m/s?) 
and Tj, —19.6 N = (2.00 kg)(2.31 m/s?) 
T3 = 242 N |. 
P5.45 (a) See Figure to the right F 
(b) 68.0- T —um,g —msa (Block #2) 
T-ym,g=m,a_ (Block #1) E 
T T 
| = 
Adding, h = ug f= uns 
68.0— u(m, * m5)g 2 (m, +m, )a TRECE "OEC TON 
nM 68.0 ug - [1:29 m/s? FIG. P5.45 
(m, *m;) 


T-mja-um,g-|27.2N 


P5.46 


*P5.47 
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(Case 1, impending upward motion) 


n 
Setting P cos 50? — 
r- 
1 fA 
YE =0: Pcos50.0?-n =0 ' | | fs, max = Hs 
Toss = usn Jo ase = uP cos 50.0? P "2 mg 
= 0.250(0.643)P = 0.161 P P sin 50° 
fa max = U" 
Setting t 
n 
pu^ =0: Psin50.0?-0.161P —3.00(9.80) = 0 P cos 50° 
Dau =| 48.6 N I | 
(Case 2, impending downward motion) P / Pai es 
As in Case 1, om 
fs, max = 0-161P FIG. P5.46 
Setting 


YF, =0: Psin50.0940.161P — 3.00(9.80) = 0 
Pin =| 317 N 


When the sled is sliding uphill 


y 
DF, =ma,: «n-mgcos0-0 fh a 


x 
f = an = uymg cos 0 S ing 
DF, =ma,: +mgsin 0+ umg cos 0 = ma, / 5m 
9; =0 =V; + Ayptup ses 
i mg cos 0 
ORS —Auptup 
= (e; + 0, )tup FIG. P5.47 


Ax 
1 3.5 
Ax - (a t + O}tup => fuptap 


When the sled is sliding down, the direction of the friction force is reversed: 


mg sin @— u,mg COSO= MA gown 
1 


2 
Ax= z  downfdown . 


Now 


Laown = 2t up 


1 2 
2 "wf = Z Bown (24up 
Aup = 4G jown 
gsind+ u,gc0s 0 = 4(g sind — ug cos) 
5u, cos = 3 sind 


3 
pn -($ Jano 
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*P5.48 


*P5.49 


The Laws of Motion 


Since the board is in equilibrium, X` F, =0 and we see that the normal 


forces must be the same on both sides of the board. Also, if the 
minimum normal forces (compression forces) are being applied, the 
board is on the verge of slipping and the friction force on each side is 


f = EE = usn. 
The board is also in equilibrium in the vertical direction, so 
F S 
YE, =2f —F, =0, or ere. 


The minimum compression force needed is then 


F 
aud Fe 958N - 


= =| 72.0 N |. 
ls 2u,  2(0.663) 


(a) n+ Fsin15°-(75 N)cos25°=0 
-.n = 67.97 — 0.259 F 
= u,n = 24.67 — 0.094F 


Ts: nds 


For equilibrium: F cos 15°+24.67 — 0.094F —75sin25?— 0. 
This gives | F=8.05 N |. 


(b) F cos15?—(24.67 — 0.094F) — 75 sin 25°=0. 
This gives | F=53.2 N |. 


(c) fy = Ln = 10.6 — 0.040F . Since the velocity is constant, the net 
force is zero: 


F cos15?- (10.6 — 0.040F) — 75 sin 25? — 0. 


This gives | F = 42.0 N |. 


FIG. P5.48 


FIG. P5.49(c) 
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*P5.50 We must consider separately the disk when it is in contact with the roof 
and when it has gone over the top into free fall. In the first case, we take 
x and y as parallel and perpendicular to the surface of the roof: 


DF, =ma,: +n—mgcosd=0 
n-mgcosÓ 


then friction is f, = un = umg cos 0 


FIG. P5.50 


F,-ma,: —f, —mgsin@=ma 
* x k 8 x 
a, =- Hug cos- g sin 0 = (-0.4cos 37°— sin 37°) 9.8 m/s? = —9.03 m/s? 


The Frisbee goes ballistic with speed given by 
v2, = vÀ «2a, (x4 - x;) - (15 m/s) + 2(-9.08 m/s? (10 m - 0) = 44.4 m?/s? 
Us = 6.67 m/s 


For the free fall, we take x and y horizontal and vertical: 


vy = Py + 2ay(y, -yi) 


0 = (6.67 m/s sin37°)” +2(-9.8 m/s? (y, -10 m sin37°) 


(4.01 m/s)? 
y; 2602 m4—— — —--|684m 
19.6 m/s 
Additional Problems 
P5.51 (a) see figure to the right 
(b) First consider Pat and the chair as the system. 


Note that two ropes support the system, and 
T = 250 N in each rope. Applying X` F = ma 


2T —480 — ma , where m 59. dup kg. 
9.80 


FIG. P5.51 


Solving for a gives 


_ 500—480 _ 5 
fi ag = Oe m/s? |. 


(c) XCF =ma on Pat: 


XOF =n+T-—320 = ma, where m= = 32.7 kg 


n= ma + 320 — T = 32.7(0.408) + 320 — 250 =| 83.3 N |. 
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P5.52 XCF = ma gives the object's acceleration 


yr (8.00i-4.004]) N 
PEPA 
m 2.00 kg 


a - (400 m/s?}i-(2.00 m/s*)j- 5. 


Its velocity is 
jave scs; 02 udi 
Vi 0 
v= jf2 m/s?Ji - (2.00 m/s?) at 
0 
v - (400t m/s? Ji - (1008 m/s?)j. 


(a) We require |v| 2 15.0 m/s, vl —225 m?/s* 


16.0t? m?/s* -1.00t* m?/s$ 2225 m?/s? 
1.00¢* + 16.0 s?t? — 225 sf - 0 
p _ 1604 (16.0)? — 4(-225) 
2.00 


- 9.00 s? 


t =| 3.00 s |. 


Take r; =0 at t=0. The position is 
r- [vat = j (aov m/s? Ji - (008? m/s?j at 
0 0 
r - (400 m/s?) -i- (100 m/s) Ej 


at t=3 s we evaluate. 


() — r- |(180i-900j) m 


(b . So |r| = (180)* -(9:00)? m=] 201 m 


*P5.53 (a) 


(b) 


(c) 


(d) 


P5.54 


(b) 


Situation A 


YE =ma,: Fat+un-—mgsind=0 
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y 


"n 


DF, -ma +n—mgcos0=0 ». a 
mg sin 0 mgcos 0 


Eliminate n = mg cos to solve for 


F, = mg(sin0 — u, cos 0) |. 


FIG. P5.53(a) 


Situation B y 
` n ae 
ME =ma,: Fg cos0+ un—mg sind =0 Fg 
F,=ma,: —-FgsinQ 0-0 di 
DF, =ma,:  -Fgsinócn-mgcos0- 
mg sin 0 mgcos 0 


Substitute n = mg cos 0 + Fp sin to find 


Fg cos 0 + u mg cos 0 + n, Fg sind — mg sind —0 


"- mg(sin0 — u, cos0) 


cos@+ u, sind 


F, =2 kg 9.8 m/s? (sin 25°-0.16cos 25°) = 5.44 N 
19.6 N(0.278) 


cos 25°+0.16 sin 25° 


Student | A | need exert less force. 


E tenn, F4 =, F4 
P^ cos 25°+0.38sin 25° 


1.07 


Student | B | need exert less force. 
18N- P - (2 kg)a n; 
P-Q-(3kg)a TEN 2kg— 
Q=(4kg)a ¥19.6N 


Adding gives 18 N — (9 kg)a so 


FIG. P5.53(b) 


n5 n4 


P Q Q 
fe? Te 


| 294N 39.2 NI 


FIG. P5.54 
Q=4 kg(2 m/s?) =| 8.00 N net force on the 4 kg 
P-8 N=3 kg(2 m/s?)- [600 N net force on the 3kg | and P =14 N 


18 N-14 N=2kg(2 m/s”) =[ 4.00 N net force on the 2kg 


continued on next page 
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P5.55 


P5.56 


The Laws of Motion 


(c) From above, Q =| 8.00 N | and P=] 14.0 N |. 


(d) The 3-kg block models the heavy block of wood. The contact force on your back is 
represented by Q, which is much less than the force F. The difference between F and Q is 
the net force causing acceleration of the 5-kg pair of objects. The acceleration is real and 
nonzero, but lasts for so short a time that it never is associated with a large velocity. The 
frame of the building and your legs exert forces, small relative to the hammer blow, to bring 
the partition, block, and you to rest again over a time large relative to the hammer blow. 
This problem lends itself to interesting lecture demonstrations. One person can hold a lead 
brick in one hand while another hits the brick with a hammer. 


(a) First, we note that F = T,. Next, we focus on the 
mass M and write T; = Mg . Next, we focus on the 
bottom pulley and write T; = T; +73. Finally, we 
focus on the top pulley and write T; = T; +T, +73. 


Since the pulleys are not starting to rotate and are 
frictionless, T, = T5, and T, — T3. From this 
Mg 


information, we have T; = 2T,, soT, = ~ 


Then 7, =1,=1,=—8 ,and T, 78 ,and 
T; = Mg |. 
M 
(b ^ SinceF-7,, we have Fas 


FIG. P5.55 


We find the diver’s impact speed by analyzing his free-fall motion: 
oj =v} +2ax=0+ 2(—9.80 m/s?)(—10.0 m) so v; ——140 m/s. 
Now for the 2.00 s of stopping, we have v, =v; 4 at: 


0=-14.0 m/s + (2.00 s) 
a = 47.00 m/s? . 


Call the force exerted by the water on the diver R. Using $` F,—ma, 


*R- 700 kg(9.80 m/s?) = 70.0 kg(7.00 m/s?) 
R 


1.18 KN |. 
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P5.57 (a) The crate is in equilibrium, just before it starts to 
move. Let the normal force acting on it be n and 
the friction force, f,. 


Resolving vertically: 

n=F,+Psin@ 

FIG. P5.57 

Horizontally: 

Pcos@= f, 
But, 

fs Eun 
i.e., 

Pcos0 < us(F, + Psin6) 
Or 

P(cos0 — pis sin0) < u;F,. 
Divide by cos0: 

P(1— u; tan0) < uF, secd. 
Then 

pio mu EET 
1—y, tand 
(b) __ 0.400(100 N)sec 8 
1—0.400 tan 0 

0(deg) 0.00 15.0 30.0 45.0 60.0 
P(N) 40.0 46.4 60.1 94.3 260 


If the angle were 68.2? or more, the expression for P would go to infinity and motion would 
become impossible. 
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P5.58 (a) Following the in-chapter Example about a block on a frictionless incline, we have 


a= gsin 0 = (9.80 m/s?)sin 30.0? 


a = 4.90 m/s? 


(b) The block slides distance x on the incline, with sin 30.0? = Peod dn 


x=1.00 m: oj = v? + 2a(x; — x;)= 0+ 2(4.90 m/s? )(1.00 m) 


2x,  2(100m) 
v, 313 m/s 


vs =| 3.13 m/s | after time t, = 


= 0.639 s. 


(c) Now in free fall y, —y; = vit + jur 


-2.00 = (-3.13 m/s) sin30.0*t  — (5.80 m/s? }t? 
(490 m/s? )? +(1.56 m/s)t 2.00 m=0 


-1.56 m/s+ (1.56 m/s)" - 4(490 m/s?(-2.00 m) 
- 9.80 m/s? 


t 


Only one root is physical 


t=0.499 s 


x; = v,t =[(3.13 m/s)cos30.0* (0.499 s) - | 1.35 m 


(d) total time = f, + t = 0.639 s4-0.499 s =| 1.14 s 


(e) The mass of the block makes no difference. 


P5.59 


*P5.60 


With motion impending, 


n+Tsin@—mg =0 


f = i (mg - T'sinó) 


and 


T cos0 — umg + uT sin —0 


so 


Msg 


~ cosO+ ji, sind 


To minimize T, we maximize cos 0 + u, sin 0 


L (cos0+ u, sind) 2 0 - —sin 0 + 1, cos. 
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Tsin 0 


CT 
4  Tcos 0 
fa- 


Fy 


FIG. P5.59 


mg = (36.4 kg)(9.8 m/s”) =357 N 


(a) 0 —tan ! u, = tan 1 0.350 =| 19.3? 
0.350(1.30 kg)(9.80 m/s? 
(b) - - | E 4.21 N 
cos 19.3°+0.350 sin 19.3° 
(a) See Figure (a) to the right. 
(b) See Figure (b) to the right. | 
(c) For the pin, © ZA n 
DF, =ma,y: Ccos6-357N -0 ef 
| 
C- 357 N l l 
cosé 
For the foot, 
FIG. P5.60(a) 
DF, =ma,: +ng-Ccos0=0 


(d) For the foot with motion impending, 
DF, =ma,: +f,-Csind, 
Hsp 
S 
(e) The maximum coefficient is 


ls; = tan dé, = tan 50.2° = 


ng = 


357 N |. 


=0 
=Csind, 


_Csin@, (357 N/cos6,)sinO, - 


| 
[^ 


/ 


FIG. P5.60(b) 


Np 357 N 


1.20 |. 


tanÓ,. 
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P561 — X` F=ma "m, [s 
H 
For m: T=my,a FU M mz I MET 
For m;: T—m2g=0 [0] [0] 2 s | 
MEN UE. p JP Aj i n e a a a un 4 I T 
l 
Eliminating T, 
FL) M+ m+ m, n» 
M28 | 
—- 
m Y (Fe) total mg 
For all 3 blocks: FIG. P5.61 
F=(M+m,+m,)a=|(M+m, in a) 
mi 
P5.62 t(s) E ( E ) x(m) Acceleration determination for 
a cart on an incline 
0 0 0 x (m) 


FIG. P5.62 


From x= sat? the slope of a graph of x versus t? is Za, and 


a= 2x slope = 2(0.071 4 m/s?) =| 0.143 m/s? |. 


From a’ = gsind, 
a’ =9.80 m/s? (es 0.137 m/s? , different by 4%. 


The difference is accounted for by the uncertainty in the data, which we may estimate from the third 
point as 


0.350 — (0.071 4)(4.04) 
0.350 


=18%. 


P563 (1) 


(2) 


(3) 
(a) 


(b) 


(c) 


(d) 
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T 


T 


2 
IE 
marae iiil 


FIG. P5.63 


maA er aA 
my 


MA=R,=T=A=— 


mjü-m5g-T-T-m»j(g-a) 
Substitute the value for a from (1) into (3) and solve for T: 


r^ e- Za] 
1 


Substitute for A from (2): 


T=m),| ¢- agers =|m mM 
ape m M m mM 4 mj(m, +M) || 


Solve (3) for a and substitute value of T: 


- m»;g(m; +M) 
m4M 4- m5(M 4- m) 


From (2, A= L, Substitute the value of T: 


E MM 2g 
m,M+m,(m,+M) 


Mm,g 
m,M-+m,(m,+M) 


a—-A= 
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P5.64 (a), (D) Motion impending 
n —490N 


fa 
F; = 49.0 N 
fa =un=147 N faz =0.500(196 N) = 98.0 N 


FIG. P5.64 


P= fa + foo = 14.7 N +98.0 N =| 113 N 


(c) Once motion starts, kinetic friction acts. 


112.7 N - 0.100(49.0 N) -0.400(196 N) = (15.0 kg)a; 


0.100(49.0 N) = (5.00 kg)a, 
a, =| 0.980 m/s? 


*P5.65 (a) Let x represent the position of the glider along the air track. Then z? = x^ + hg, 


1/2 -1/2 
x= ( 2 ho) ppoe n = ;C = ho) i Q2). Now = is the rate at which string passes 
over the pulley, so it is equal to v, of the counterweight. 


v z(z -h ) =uv, 


dv, d do d 
Ox u—1+ Vy E at release from rest, v, =0 and a, — ua 


—Uuv 
dt dt" dt 


(b) ay 


y: 


80.0 cm -1/2 


7 sin 30.0° = /z 603 u=(z? -k?z =(16? -0.82 .6)=115. 
0 


Z 
For the counterweight 


DF, =ma,: T-0.5kg 9.8 m/s? = -0.5 kga, 
a, =-2T +9.8 


For the glider 


DF, =ma,: Tcos30°=1.00 kga, -115a, =115(-2T +9.8) = -2.31T +11.3 N 
3.18T =11.3 N 
T =|3.56N 


*P5.66 


*P5.67 


Chapter 5 


The upward acceleration of the rod is described by 


1 
Vr = Vi t 0 yit t zo 


2 
Iio t meür Ea (8x10?5) 
2 y 


ay =31.2 m/s? 


The distance y moved by the rod and the distance x 

moved by the wedge in the same time are related 

by tan15 => 4-7 
x tan 


accelerations are related by 


Then their speeds and 


"m 


FIG. P5.66 


dx 1 dy 


dt tan15° dt 


and 


d. am 1 


31.2 m/s? =117 m/s”. 
di? tan15° dt? ae / / 


The free body diagram for the rod is shown. Here H and H' are forces exerted by the guide. 


DA, = may: ncos15?-mg = may 
ncos15°-0.250 kg(9.8 m/s”) = 0.250 kg(31.2 m/s?) 
_ 10.3 N -10.6 N 
os15° 
For the wedge, 
È F, =Ma,: -nsin15°+F =0.5 kg(117 m/s?) 
F = (10.6 N)sin15°+58.3 N =| 611 N 
(a) Consider forces on the midpoint of the rope. It is nearly in f 


equilibrium just before the car begins to move. Take the y-axis 
in the direction of the force you exert: 


DF, =ma,: -Tsind+ f-Tsind=0 


T= J : FIG. P5.67 
A2sinQ 


r- 10N _ 


(b) = ——— =| 40N 
2sin7° 
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P5.68 Since it has a larger mass, we expect the 8.00-kg block to move 
down the plane. The acceleration for both blocks should have the 
same magnitude since they are joined together by a non-stretching 
string. Define up the left hand plane as positive for the 3.50-kg 
object and down the right hand plane as positive for the 8.00-kg 


object. 
3 o e RE ion ane 
and 
—(3.50)(9.80) sin 35.0°+T = 3.50a 

(8.00)(9.80) sin 35.0°-T = 8.002. 
Adding, we obtain 

+45.0 N—197 N=(11.5 kg)a. 
(b) Thus the acceleration is 

a= 2.20 m/s? ; 
By substitution, 
—197 N +T = (3.50 kg)(2.20 m/s?)=7.70 N. 
(a) The tension is 
T=27.4N |. 
P5.69 Choose the x-axis pointing down the slope. a=5.00 m/ s? 
vp =0; tat: 30.0 m/s -0- (6.00 s) 
a = 5.00 m/s? . 
Consider forces on the toy. 
$ F, =ma,: mg sin 0 = m(5.00 m/s?) 
0- | 30.7? 
DF, =ma,: -mgcos0«T-0 FIG. P5.69 


T = mg cos 0 =(0.100)(9.80) cos 30.7° 
T =| 0.843 N 
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*P5.70 Throughout its up and down motion after release the block has 


DF, =ma,: 4n-mgcos0-0 
n=mgcos@. 


Let R= RÁ t R,j represent the force of table on incline. We have 


$ F, =ma,: +R, —nsind=0 

R, = mg cos @sin9 
DF, =ma,: -Mg-ncosð+R,=0 

Ry = Mg + mg cos? 0. 


R=mgcos@siné to the right + (M +mcos* alg upward FIG. P5.70 


*P5.71 Take +x in the direction of motion of the tablecloth. For the mug: 


SF, =ma, 01N=0.2 kga, 
a, =0.5 m/s”. 


Relative to the tablecloth, the acceleration of the mug is 0.5 m/ s*—3 m/ s2——25 m/ s?. The mug 
reaches the edge of the tablecloth after time given by 


1 
Ax- vto Saye” 


1 
-0.3 m=0+>(-25 m/s? }t? 
t=0.490 s. 


The motion of the mug relative to tabletop is over distance 


ju - EE m/s? (0.490 s)? = [0.0600 m ]. 


The tablecloth slides 36 cm over the table in this process. 
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P5.72 Y E,-ma,: n—mgcos0 —0 


or 


n = 8.40(9.80) cos 0 
n = (82.3 N)cos@ 


XCF, =ma,: mg sind = ma 


OF pope rrr gepa 
-+- iai 

E m 

a= sind ~ fo 

CIN e RS REIR 

a - (9.80 m/s? Jsing popped str oboe oad EE b b 9 

^ ze +-+-+-4+-+-4 

tote te4 T i H-Æ-+-+-+-+-+-+-+-4 

ta 

0, deg n, N A, m/s? 3gpgpebepepcRSTE ep 


“20 40 60 80 100 
0 (deg) 0 (deg) 


0.00 82.3 0.00 
5.00 82.0 0.854 
10.0 81.1 1.70 FIG. P5.72 
15.0 79.5 2.54 

20.0 77.4 3.35 

25.0 74.6 4.14 

30.0 71.3 4.90 

35.0 67.4 5.62 

40.0 63.1 6.30 

45.0 58.2 6.93 

50.0 52.9 7.51 

55.0 47.2 8.03 

60.0 41.2 8.49 

65.0 34.8 8.88 

70.0 28.2 9.21 

75.0 21.3 9.47 

80.0 14.3 9.65 

85.0 7.17 9.76 

90.0 0.00 9.80 


At 0°, the normal force is the full weight and the acceleration is zero. At 90°, the mass is in free fall 
next to the vertical incline. 


P5.73 


(a) 


(b) 


Chapter5 155 


Apply Newton’s second law to two points 
where butterflies are attached on either half 
of mobile (other half the same, by symmetry) 


(1)  T45cos0,—T|;cos0, =0 

(2 T,sin@, —T, sin 6, —mg —0 
(3)  T5cos0,—T, =0 

(4) T,sin@,-mg=0 


Substituting (4) into (2) for T, sin 0», 


T; sin; —mg—mg=0. 


FIG. P5.69 


Then 


p, — 28 


Tras 
sin 0, 


Substitute (3) into (1) for T; cos 6: 
T3 -T cos 6 =0, T3 = Ti cos 6 


Substitute value of T}: 


cosh | 2mg -T 


T4 = 2m - 
i s sin 64 tan 6, i 


From Equation (4), 


ms 
2733: : 
sin 0, 


Divide (4) by (3): 


T,sin@, mg 


Ij $^ 


Substitute value of T;: 


Then we can finish answering part (a): 


mg 
T, = : 
sin|tan (5 tan 0, ) 


D is the horizontal distance between the points at which the two ends of the string are 
attached to the ceiling. 


D = 24cos6, 4- 20cos0, + ( and L=5é 


D- E [aeos + zco tan Stand Jj 1 
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ANSWERS TO EVEN PROBLEMS 


P5.2 


P5.4 


P5.6 


P5.8 


P5.10 


P5.12 


P5.14 


P5.16 


P5.18 


P5.20 


P5.22 


P5.24 


P5.26 


P5.28 


P5.30 


P5.32 


P5.34 


P5.36 


P5.38 


P5.40 


1.66 x 10° N forward 


t F,vY a 
(a) 75 0) eS *Ej 


(a) 4.47 x 10P m/ s? away from the wall; 


(b) 2.09 x 10? N toward the wall 
(a) 534 N down; (b) 54.5 kg 

2.55 N for an 88.7 kg person 

(16.31 +14.6j) N 

(a) 1815; (b) 11.2 kg; (c) 375 m/s; 
(d) (-37.51 -0.893j) m/s 

112N 

T, =296 N; T, 2168 N; T4 2325 N 
(a) see the solution; (b) 1.79 N 


(a) 2.54 m/ s? down the incline; 
(b) 3.18 m/s 


see the solution; 6.30 m/ s? ; 31.5 N 
(a) 3.57 m/s? ; (b) 26.7 N; (c) 714 m/s 
(a) 36.8 N; (b) 2.45 m/s? ; (c) 1.23 m 
(a) 0.529 m; (b) 7.40 m/s upward 


(a) 2.22 m; (b) 8.74 m/s 


(a) Ay = 205; 
™ {M8 mqm5g 
(b) T: T. 
2m, +7" m, 4 72 
1*3 1*4 
(c) a, = My _ Mg 
l 2 1+7 4m, +m, 


U; =0.306; uy =0.245 
(a) 3.34; (b) Time would increase 


(a) 55.25; (b) 167 N 


P5.42 


P5.44 


P5.46 


P5.48 


P5.50 


P5.52 


P5.54 


P5.56 


P5.58 


P5.60 


P5.62 


P5.64 


P5.66 


P5.68 


P5.70 


P5.72 


152 ft 


(a) 2.31 m/s? down for rm, left for m, and 
up for m3; (b) 30.0 N and 24.2 N 


Any value between 31.7 N and 48.6 N 
72.0 N 


6.84 m 
(a) 3.00 s; (b) 20.1 m; (c) (18.01 - 9.00j) m 


(a) 2.00 m/s? to the right; 

(b) 8.00 N right on 4 kg; 

6.00 N right on 3 kg; 4 N right on 2 kg; 
(c) 8.00 N between 4 kg and 3 kg; 

14.0 N between 2 kg and 3 kg; 

(d) see the solution 


1.18 kN 


(a) 490 m/s? ; (b) 3.13 m/s at 30.0? below 
the horizontal; (c) 1.35 m; (d) 1.14 s; (e) No 


(a) and (b) see the solution; (c) 357 N; 
(d) see the solution; (e) 1.20 


see the solution; 0.143 m/ s? agrees with 
0.137 m/ s? 


(a) see the solution; 
(b) on block one: 


49.0 Nj-490 Nj+147 Ni; 

on block two: -49.0 N j-14.7 N i-147 Nj 
+196 Nj—-98.0 Ni+113 Ni; 

(c) for block one: 0.980i m/ s?; 

for block two: 1.96 m/ s?i 


61.1 N 
(a) 2.20 m/s? ; (b) 274 N 


mg cosOsin6to the right 
+ (M «mcos? 0)g upward 


see the solution 


06.4 


06.5 
06.6 


Q6.7 


Q6.8 


Circular Motion and Other 
Applications of Newton's Laws 


ANSWERS TO QUESTIONS 


Q6.1 Mud flies off a rapidly spinning tire because the resultant force 
is not sufficient to keep it moving in a circular path. In this case, 
the force that plays a major role is the adhesion between the 
mud and the tire. 


Q6.2 The spring will stretch. In order for the object to move ina 


circle, the force exerted on the object by the spring must have a 
2 


; mv pios 
size of ——. Newton's third law says that the force exerted on 
r 


the object by the spring has the same size as the force exerted 
by the object on the spring. It is the force exerted on the spring 
that causes the spring to stretch. 


Q6.3 Driving in a circle at a constant speed requires a centripetal 
acceleration but no tangential acceleration. 


(a) The object will move in a circle at a constant speed. 

(b) The object will move in a straight line at a changing speed. 

The speed changes. The tangential force component causes tangential acceleration. 

Consider the force required to keep a rock in the Earth’s crust moving in a circle. The size of the 
force is proportional to the radius of the circle. If that rock is at the Equator, the radius of the circle 
through which it moves is about 6400 km. If the rock is at the north pole, the radius of the circle 
through which it moves is zero! 

Consider standing on a bathroom scale. The resultant force on you is your actual weight minus the 
normal force. The scale reading shows the size of the normal force, and is your ‘apparent weight.’ If 
you are at the North or South Pole, it can be precisely equal to your actual weight. If you are at the 
equator, your apparent weight must be less, so that the resultant force on you can be a downward 


force large enough to cause your centripetal acceleration as the Earth rotates. 


A torque is exerted by the thrust force of the water times the distance between the nozzles. 
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Q6.9 


Q6.10 


Q6.11 


Q6.12 


Q6.13 


Q6.14 


Q6.15 


Q6.16 


Circular Motion and Other Applications of Newton’s Laws 


I would not accept that statement for two reasons. First, to be “beyond the pull of gravity,” one 
would have to be infinitely far away from all other matter. Second, astronauts in orbit are moving in 
a circular path. It is the gravitational pull of Earth on the astronauts that keeps them in orbit. In the 
space shuttle, just above the atmosphere, gravity is only slightly weaker than at the Earth’s surface. 
Gravity does its job most clearly on an orbiting spacecraft, because the craft feels no other forces and 
is in free fall. 


This is the same principle as the centrifuge. All the material inside the cylinder tends to move along 
a straight-line path, but the walls of the cylinder exert an inward force to keep everything moving 
around in a circular path. 


The ball would not behave as it would when dropped on the Earth. As the astronaut holds the ball, 
she and the ball are moving with the same angular velocity. The ball, however, being closer to the 
center of rotation, is moving with a slower tangential velocity. Once the ball is released, it acts 
according to Newton's first law, and simply drifts with constant velocity in the original direction of 
its velocity when released—it is no longer "attached" to the rotating space station. Since the ball 
follows a straight line and the astronaut follows a circular path, it will appear to the astronaut that 
the ball will “fall to the floor". But other dramatic effects will occur. Imagine that the ball is held so 
high that it is just slightly away from the center of rotation. Then, as the ball is released, it will move 
very slowly along a straight line. Thus, the astronaut may make several full rotations around the 
circular path before the ball strikes the floor. This will result in three obvious variations with the 
Barth drop. First, the time to fall will be much larger than that on the Earth, even though the feet of 
the astronaut are pressed into the floor with a force that suggests the same force of gravity as on 
Barth. Second, the ball may actually appear to bob up and down if several rotations are made while 
it "falls". As the ball moves in a straight line while the astronaut rotates, sometimes she is on the side 
of the circle on which the ball is moving toward her and other times she is on the other side, where 
the ballis moving away from her. The third effect is that the ball will not drop straight down to her 
feet. In the extreme case we have been imagining, it may actually strike the surface while she is on 
the opposite side, so it looks like it ended up "falling up". In the least extreme case, in which only a 
portion of a rotation is made before the ball strikes the surface, the ball will appear to move 
backward relative to the astronaut as it falls. 


The water has inertia. The water tends to move along a straight line, but the bucket pulls it in and 
around in a circle. 


There is no such force. If the passenger slides outward across the slippery car seat, it is because the 
passenger is moving forward in a straight line while the car is turning under him. If the passenger 
pushes hard against the outside door, the door is exerting an inward force on him. No object is 
exerting an outward force on him, but he should still buckle his seatbelt. 


Blood pressure cannot supply the force necessary both to balance the gravitational force and to 
provide the centripetal acceleration, to keep blood flowing up to the pilot's brain. 


The person in the elevator is in an accelerating reference frame. The apparent acceleration due to 


Hu Hn 


gravity, "2," is changed inside the elevator. 


“on 


g =gta 


When you are not accelerating, the normal force and your weight are equal in size. Your body 
interprets the force of the floor pushing up on you as your weight. When you accelerate in an 
elevator, this normal force changes so that you accelerate with the elevator. In free fall, you are 
never weightless since the Earth’s gravity and your mass do not change. It is the normal force—your 
apparent weight—that is zero. 


Q6.17 


Q6.18 


Q6.19 


Q6.20 


Q6.21 
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From the proportionality of the drag force to the speed squared and from Newton’s second law, we 
derive the equation that describes the motion of the skydiver: 


where D is the coefficient of drag of the parachutist, and A is the projected area of the parachutist's 
body. At terminal speed, 


jo 2 1/2 
a, - —- =0 and V, "Ej. 
3s dt DpA 


When the parachute opens, the coefficient of drag D and the effective area A both increase, thus 
reducing the speed of the skydiver. 


Modern parachutes also add a third term, lift, to change the equation to 


dv DoA LoA 
y p 2 pP 2 
m mg 2 vy 2 [Un 


where o, is the vertical velocity, and v, is the horizontal velocity. The effect of lift is clearly seen in 


the “paraplane,” an ultralight airplane made from a fan, a chair, and a parachute. 


The larger drop has higher terminal speed. In the case of spheres, the text demonstrates that 
terminal speed is proportional to the square root of radius. When moving with terminal speed, an 
object is in equilibrium and has zero acceleration. 


Lower air density reduces air resistance, so a tank-truck-load of fuel takes you farther. 


Suppose the rock is moving rapidly when it enters the water. The speed of the rock decreases until it 
reaches terminal velocity. The acceleration, which is upward, decreases to zero as the rock 
approaches terminal velocity. 


The thesis is false. The moment of decay of a radioactive atomic nucleus (for example) cannot be 
predicted. Quantum mechanics implies that the future is indeterminate. On the other hand, our 
sense of free will, of being able to make choices for ourselves that can appear to be random, may be 
an illusion. It may have nothing to do with the subatomic randomness described by quantum 
mechanics. 
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Circular Motion and Other Applications of Newton’s Laws 


SOLUTIONS TO PROBLEMS 


Section 6.1 Newton’s Second Law Applied to Uniform Circular Motion 


P6.1 


P6.2 


m=3.00 kg, r =0.800 m. The string will break if the tension exceeds 
the weight corresponding to 25.0 kg, so 


Tmax = Mg = 25.0(9.80) = 245 N. 


When the 3.00 kg mass rotates in a horizontal circle, the tension 
causes the centripetal acceleration, 


2 2 
55 THES. (3.00)v 
r 0.800 


.800)T ; T, 0.800(245 
Then v’= 7b 19.000) < (0:800)Tinax _ ers 65.3 m?/s” 
m 3.00 3.00 3.00 


motion 


and 0<v< 65.3 
FIG. P6.1 


or [0<v<8.08 m/s |. 


2 
Inġ F=m P both m and r are unknown but remain constant. Therefore, YF is proportional to v? 
r 


2 
and increases by a factor of (22) as v increases from 14.0 m/s to 18.0 m/s. The total force at the 


higher speed is then 


2 
> Feast = (2) (130 N)=215 N. 


Symbolically, write >’ Fjow = (o m/ s)” and Y Fast = (so m/s) . 
r r 


2 bua (82) or 
risk F i 


Dividi ; 
ividing gives 140 


2 2 
È Fast = (22) X NE t3 (130 N) =| 215 N |]. 


This force must be | horizontally inward | to produce the driver's centripetal acceleration. 


P6.3 


P6.4 


P6.5 


P6.6 


P6.7 
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mo? (9-11x 0" kg)(2.20 x 10° m/s) 


(a) F=——s= A 8.32 x 10° N inward 
r 0.530 x 10 m 
2 
2 (220x105 m/s 
(b) EE a Is 913x107 m/s? inward 
T — 0.530x 107" m 


mo? 


Neglecting relativistic effects. F = ma, = —— 
r 


7 2 
(2.998 x10” m/s) 
(0.480 m) 


F =(2x1.661x10~ kg) -|622x107? N 


(a) static friction 


(b) mái = f i+nj+mg(-j) 
DF, =0=n-mg 


2 
thus n 2 mg and È F, m= f=umn= umg. 


= v? (50.0 cm/s)” RA 
en “=—= =| 0. : 
rg (800 cm)(980 cm/s”) 


2 
(a) DE, = May, ME moon down = D- down 


T 
CN TER = (152 m/s? (17 x105 m+100 x10? m) =[1.65%10° m/s 


25 .. 2m(18x105 m) 


(b) v=— T= 3 =| 6.84x 10° s |=1.90 h 
T 1.65x 10° m/s 
n=mg since a, =0 aA 
: ; ener en f Center 
The force causing the centripetal acceleration is the frictional force f. | of 
t-m Motion 
2 i = 


mo 
From Newton’s second law f = ma, = ——. 
r 


But the friction condition is f < u,n 
FIG. P6.7 


. mo? 
ie. —— < u,mg 
T 


lA 


os fury = [0600650 m)(9.80 m/s?) v</143 m/s 
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2 
1000 m 
v? (86.5 km/h)( 18) Tkm ) 1g 
P6.8 a=—= z |=| 0.9668 
r 61.0 m 9.80 m/s 
P6.9 T cos5.00°= mg = (80.0 kg)(9.80 m/s?) 
(a) T =787 N: T =| (68.6 N)i+(784N)j 
(b) T sin 5.00° = ma,: | a, = 0.857 m/s? toward the center of 


the circle. 


The length of the wire is unnecessary information. We 
could, on the other hand, use it to find the radius of the 


circle, the speed of the bob, and the period of the motion. 


235 m 
V= = 
36.0 s 


P6.10 (b) 6.53 m/s 


The radius is given by m = 235 m 


r=150m 


2 
(a) a,= (=) toward center 


(6.53 m/s)” 
= ——___——_ at 35.0° north of west 
150 m 


= (0.285 m/s? (cos35.0°(-i) + sin 35.0° j) 


-0.233 m/s? i+0.163 m/s? j 


(6.53 m/s j — 6.53 nysi) 
7 36.0 s 
-0.181 m/s? i+0.181 m/s? j 


mg 


FIG. P6.9 


*P6.11 


*P6.12 
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F, ^ mg =(4kg)(9.8 m/s?)-392N 

sinü = Em 
2m 

0 — 48.6? 

r - (2 m)cos48.6°= 1.32 m 


mo? 
puce LL 
T 


ac 
2 
4 kg)(6 m/s 
T. cos 48.6°4T, cos 48,67 = CSE ny) 
132m : 
motion 
DD -225 =165 N 
PRU FIG. P6.11 
DF, =ma, 
+T, sin 48.6°—T, sin 48.6°-39.2 N =0 
Lote e. aN 
sin 48.6° 
(a) To solve simultaneously, we add the equations in T, and T,: 
T, +T, +T, - T, =165 N +52.3 N 
= — =| 108 N 


(b) T, =165 N-T, =165 N -108 N =| 56.2 N 


27r ,so v= 2arf and 


2 
a, =——=4n rf? =100 g. 
r 


€ 


is 
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2 
4,=— Let f represent the rotation rate. Each revolution carries each bit of metal through distance 
r 


A smaller radius implies smaller acceleration. To meet the criterion for each bit of metal we consider 


the minimum radius: 


100g 7 (100.98 m/s? | ^ 1/ 60s 
r( 2 = 2 = 34.4 ( : J- 2.06 x10° rev/min |. 
4n“r 4z^ (0.021 m) s\1 min 
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Section 6.2 Nonuniform Circular Motion 
P6.13 M =40.0 kg, R=3.00 m, T =350 N T T Mg 
Mv? 
(a) $ F=2T-Mg= T 


v? =(2T -mof =) 


v? - [700 - (4009.80)] 3 ac] = 234 (m?/s?) 


40.0 Mg n 
- 481 
[v7 481 m/s | child + seat child alone 
Mv? 
(b) n-Mg-F- FIG. P6.13(a) FIG. P6.13(b) 
R 
2 
ds. s00{ 980 " =) =| 700 N 
3.00 
P6.14 (a) Consider the forces acting on the system consisting of the child and the seat: 
o? 
DF, =ma, > aT — mg =m —— 
ace 
m 
v= x= s) 
m 
(b) Consider the forces acting on the child alone: 
o? 
DE, =ma, >n=m qu 
and from above, v= àZ- s}, so 
m 
n=m{ s+ a s) 2T |. 
m 
P6.15 Let the tension at the lowest point be T. | 
mo? 
$ F=ma T-mg=ma, = 
v2 d Forces 
T- « gt =) 
r 


(8.00 m/s)” 


T =(85.0 kg)| 9.80 a 
( : m/s? + 10.0 m 


E kN »1000 N 
ac 
Digs js Motion 


He doesn' t make it across the river because the vine breaks. FIG. P6.15 
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v? (4.00 m/s) 
r | 120m 


(b) a= d. t a; 
a= (1533)? + (1.20)? =| 1.79 m/s? 


a, | FIG. P6.16 


P6.16 (a) a,= =| 1.33 m/s? 


at an angle 0= anf =| 48.0° inward 


ay 


2 


P6.17 SE, == mg +n 
r 


Ya 
But n =0 at this minimum speed condition, so - n 3 
es 
2 
mo 2 
m? snes Js=} 9.80 m/s?)(1.00 m) =[3.13 m/s |. 
n | | FIG. P6.17 


P6.18 At the top of the vertical circle, 
v 
T=m—-m 
R "E 


(4.00)? 
0.500 


or T = (0.400) (0.400)(9.80) =| 8.88 N 


P6.19 (a) v= 20.0 m/s, 


1 — force of track on roller coaster, and 


R=10.0 m. 

v? 

YF = -n-Mg 

R FIG. P6.19 

From this we find 
2 
M? 2 (500 kg)(20.0 m/s ) 
n=Mg+ wS (500 kg)(9.80 m/s ) 10.0 m 


n 24900 N +20 000 N2|2.49x10* N 


Mv? 
R 


The max speed at B corresponds to 


(b) At B, n- Mg =- 


n=0 


Mv? 
-Mg -- max —, = [Re - /15.0(9.80) =| 121 m/s 
g p Umax = 4 R£ ( / 
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2 2 (13.0 m/s)” 
P620 (a =a, =— Sene BE -[862m 
r A, 2(9.80 m/s ) 
V { ng 
(b) Let n be the force exerted by the rail. 
Newton's law gives FIG. P6.20 


Vina idm 


2 
n e :J-Mes g)=| Mg, downward 


(c) a ET ü (30 mis _ 8.45 m/s? 
Wes ^ .— 200m [345 m/s" | 


If the force exerted by the rail is 11, 


Mv? 


then nı +Mg = =Ma, 

nı =M(a,-g) which is <0 since a, =8.45 m/s? 
Thus, the normal force would have to point away from the center of the curve. Unless they 
have belts, the riders will fall from the cars. To be safe we must require n4 to be positive. 
Then a, > g. We need 


2 
gore» Jrg = (20.0 m)(9.80 m/s?), o» 140 nys. 


Section 6.3 Motion in Accelerated Frames 
T 180N 2 oe 
P6.21 a F, = Ma, a=—= =| 3.60 m/s 
( ) 2 x% M 500 kg [3.60 m/s? | 
to the right. 


(b) If v= const, a =0, so | T=0 | (This is also 


an equilibrium situation.) 


(c) Someone in the car (noninertial observer) 
claims that the forces on the mass along x 
are T and a fictitious force (-Ma). Someone 
at rest outside the car (inertial observer) 
claims that T is the only force on M in the 
x-direction. 


FIG. P6.21 
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*P6.22 We adopt the view of an inertial observer. If it is on the verge of sliding, the n 

cup is moving on a circle with its centripetal acceleration caused by friction. 
—Íf 
DF, =ma,: 4n-mg-0 


2 
mu 
S F, =ma,: f= p =H = MU Mg mg 


v = Ju,gr = [0.8(9.8 m/s? 30 m) - [153 nys 


If you go too fast the cup will begin sliding | straight across the dashboard to the left. 


FIG. P6.22 


P6.23 The only forces acting on the suspended object are the force of gravity mg 
and the force of tension T, as shown in the free-body diagram. Applying T cos 8 
Newton’s second law in the x and y directions, 


Tsin @ 
YF, =T sind = ma (1) mg 
F,-Tcos0-mg -0 
LF, 8 FIG. P6.23 


or  Tcos0-mg (2) 


(a) Dividing equation (1) by (2) gives 


Solving for 0, 0 =| 17.0? 


(b) From Equation (1), 


(0.500 kg)(3.00 m/s? 
puse X Am 512N |. 
sind sin(17.0°) 


*P6.24 The water moves at speed 


2m 22(0.12 m) 
dcs = 
T 7.25 s 


=0.104 m/s. 


The top layer of water feels a downward force of gravity mg and an outward fictitious force in the 
turntable frame of reference, 


2. m(0.104 m/s) 
mo^ _ M0104 m/s) 901x102 m/s”. 
r 0.12 m 


It behaves as if it were stationary in a gravity field pointing downward and outward at 


2 
gat or me 0.527? |. 
9.8 m/s 


Its surface slopes upward toward the outside, making this angle with the horizontal. 
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P6.25 Fmax = F, +ma=591 N 
Fain =F, - ma = 391 N 


(a) Adding, 2F, 2982 N, F, =| 491 N 
491 N 
b Since F, =mg, m = =| 50.1 k 
(b) gmmg 9.80 m/s? s 
(c) Subtracting the above equations, 
2ma = 200 N .a=| 2.00 m/s? 
P6.26 (a) > F, =ma, 
mo" m E i 
mg = 5 
R R\T 
4r°R 
$- T? 
Ax?R 6.37 x 10° m A 
T= =2n =5.07x10° s=/141h 
| g | 9.80 m/s? 
T, T 240 h 
(b) speed increase factor = REL current Lene SUNY 
U current Trew 22R Tes 141 h 
*P6.27 


the Earth. The block moves to the right also. 
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The acceleration of the block relative to the car is a, -a = ug — a. In this frame the block starts from 


DF, =ma,: +n-mg=0, n=mg, f= umg 
È F, =ma,: +uUgmg=ma,, Ay = Hpg 


rest and undergoes displacement —/ and gains speed according to 


(a) 


Oy = v? + 2a,(x, -x;) 


o5 =0+2(u;g a\(-2-0)=2L(a- ug). 


v= (2¢(a - ug) to the left 


continued on next page 


The car moves to the right with acceleration a. We find the acceleration of a; of the block relative to 
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(b) The time for which the box slides is given by 


Ax = Bo t o, Jt 


(= 3| (2¢(a- ug)" h 


1/2 
TED 
ü— Ugg 


The car in the Earth frame acquires finals speed v, =v, + at =0 + 1 


1/2 
| . The speed 
A— Ugg 
of the box in the Earth frame is then 


1/2 
1/2 20 
Ube = Ube + Ugo = -[2¢(a n usg)] T {2 


Aa- Ukg 
| -(20 ^ (a-m8)+(20 "a. | mg” 
(a- ug)” (a- 2g) 
uyg2t ES 2uygt. 


12 
[2¢(a TUKS )] ? 
*P6.28 Consider forces on the backpack as it slides in the Earth frame of reference. 


DF, =ma,: +n-mg=ma, n=m(g+a), f, = uum(g * a) 
DF, =ma,: -uym(gea)-ma, 


The motion across the floor is described by L = ot + : a t = vt - : u,(g+a)t’. 


1 2(vt - L 
We solve for up: vt-L => u,(g * a)t?, UE My |. 
2 (g+a)t 
P6.29 In an inertial reference frame, the girl is accelerating horizontally inward at 


vo? (5.70 m/s)? 
r | 240m 


213.5 m/s? 


In her own non-inertial frame, her head feels a horizontally outward fictitious force equal to its mass 
times this acceleration. Together this force and the weight of her head add to have a magnitude 
equal to the mass of her head times an acceleration of 


2 
g? {2 = (9.80) + (13.5) m/s? 2167 m/s? 


This is larger than g by a factor of a -171. 


Thus, the force required to lift her head is larger by this factor, or the required force is 


F-171(550 N)- [93.8 N |. 
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*P6.30 (a) The chunk is at radius r = END 0.054 2 m. Its speed is 


4 


2 
0 = 2™ 5, (00542 m) 20999. 14 mys 
T 60 s 


and its acceleration 


o? (114 m/s) 


4, =— = =| 2.38 x 10° m/ s? horizontally inward 
r 0.0542 m 
-238x10? m/s?! —® — |=|2.43x10%¢ |. 
/ [ss m/ s? 2 
(b) In the frame of the turning cone, the chunk feels a 


horizontally outward force of 7 -.Inhis frame its 
r 


1 33cm 
(13.7-8) cm 
2 
Take the y axis perpendicular to the cone: FIG. P6.30(b) 


= 49.2°. 


acceleration is up along the cone, at tan™ 


2 
mo". A 
DF, =ma,: +n-—— sin 49.2 =0 
n - (2x10? kg)(2.38x10° m/s*)sin 49.2°=| 360 N 


(c) f = un =0.6(360 N) = 216 N 


2 
X pcm. D -cos49.29- f =ma; 
r 


(2x10° kg)(2.38 x10° m/s?)cos49.2°-216 N = (2x10? kg)a, 


a, =| 47.5 x10* m/ s* radially up the wall of the cone 


N 


2 
P631 a, [£ R Jeosanor- 0.0276 m/s? 
T 


We take the y axis along the local vertical. 
(anet), = 9.80 — (a, ), =9.78 m/s? 


(exaggerated size) 


(anet), =0.0158 m/s? 


0 = arctan 2. = | 0.092 8° 


Ay 


FIG. P6.31 
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Section 6.4 Motion in the Presence of Resistive Forces 


2 
Dpter . Dod P$ 0514 kg/m 


P6.32 m=80.0 kg, vr 250.0 m/s, mg = 


2 2 vj 
(a) At v=30.0 m/s 
DpAv 2 
.314)(30.0 
ü-g 2— - 9,80 EC =| 6.27 m/s? downward 
m 80.0 


(b) At v=50.0 m/s, terminal velocity has been reached. 
DF, =0=mg-R 
=> R = mg = (80.0 kg)(9.80 m/s?) =| 784 N directed up 


(c) At v=30.0 m/s 
DpAv? 
2 


= (0.314)(30.0)? =| 283 N | upward 


P6.33 (a) a=g-bv 
When v=v,7,a=0 and g- bo, b=— 


The Styrofoam falls 1.50 m at constant speed vy in 5.00 s. 
y 150m 


Thus, Up -—- = 0.300 m/s 
t 500s 
2 
Then = 9.80 m/s" -[|3275! 
0.300 m/s 


(b) Att-0,v-0and a=g=|9.80 m/s? | down 


(c) When v- 0.150 m/s, a= g - bv - 9.80 m/s? - (327 s (0.150 m/s) - | 490 m/s? | down 


P6.34 (a) p= T A — 0.0201 in^, R- 5 Pas ADD} = mg 


m = PpeadV = 0.830 g/cm? E em) -178 kg 
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Assuming a drag coefficient of D — 0.500 for this spherical object, and taking the density of 


air at 20°C from the endpapers, we have 


2 
- 2(1.78 kg)(9.80 m/s?) — — S 
0.500(1.20 kg/m? (0.0201 m?) 


2 2 
53.8 
(b) v? =v? +2gh=0+2gh: h=- = ( m X 
28 2(9.80 m/s?) 


148 m 
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P6.35 Since the upward velocity is constant, the resultant force on the ball is zero. Thus, the upward 
applied force equals the sum of the gravitational and drag forces (both downward): 
F=mg+bv. 


The mass of the copper ball is 


Amp? (4 rod 
m= = ($ }q(89210° kg/m? \(2.00 x10 m) =0.299 kg. 


The applied force is then 


F = mg + bv = (0.299)(9.80) + (0.950)(9.00 x10?) =[ 3.01 N |. 


P6.36 2557 -ma, AJ m 
+T cos40.0?—mg = 0 


620 kg)(9.80 m/s? 
ES e / ere 
cos 40.0° 


AE S" 
-R +T sin 40.0°=0 


1 Fs) 620 1g 
R - (79310? N)sin 40.0°=5.10 x 10° N = 5 DoAv? iia 


"m FIG. P6.36 
2(5.10 x 10° NJ) 


(1.20 kg/m? (3.80 m^ 400 m/s)? 


=| 1.40 


P6.37 (a) At terminal velocity, R =vrb = mg 
EA (3.00 x10° kg)(9.80 m/s?) 


= =| 1.47 N-s/m 
UT 2.00x10 ^ m/s 


(b) In the equation describing the time variation of the velocity, we have 


v-or(1- e") v 20.6320, when e™" = 0,368 


or at time = (= ]in0368) -|2.04x10? s 


(c) At terminal velocity, R=vrb=mg =| 2.94x107 N 


P6.38 The resistive force is 


R= 5 DpAv? = 5 (0.2503(1.20 kg/m? (2.20 m?)(27.8 m/s)” 
R=255N 


Rea oe 
m  1200kg 


P6.39 


P6.40 


*P6.41 


*P6.42 


(a)  w(t)-vje ^ v(20.0 s) 2 5.00 = v;e ?^* , v; 210.0 m/s. 


In(4 
So 5.00 210.0e 7? ?* and —20.0c = (2) c= (3) =| 3.47 x107 s7! 


20.0 — 


(D  Att=40.0s v = (10.0 m/s)e "?* 2 (10.0 m/s)(0.250) = 


(c) v- ve ^ s=—=-cv,e* =| -cv 


(a) From Problem 40, 
dt 1+ kt 


Xx, t t 

kdt 
[dx [v dt ss Ug 
Ü o L1l*vyk =k 1+ okt 


0 
xf = zin + vgkt)| 


x-0- [ina + okt) -Ini] 


x= zi + Vokt) 


(b) We have In(1+ vokt) = kx 


v v z 
1+v kt =e™ so v- ——À9 — = =| ve may 


We write —kmo? = -DpAv) so 


pDA 0.305(1.20 kg/'m*)(4.2 x10 m?) 
i 2(0.145 kg) 


5.3x10 ?/m)(18.3 m) 


-53x10?/m 


v =v * - (40.2 nysje 


=| 36.5 m/s 
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P643  InR- Doa, we estimate that D =1.00, p=1.20 kg/m? , A = (0.100 m)(0.160 m) = 1.60 x 10 m? 


and v= 27.0 m/s. The resistance force is then 
B 1 3 o fet D 2 
R= z (001.20 kg/m? )(1.60 x10 m? (270 m/s)” =7.00 N 


or 


R~|10'N 


Section 6.5 Numerical Modeling in Particle Dynamics 


Note: In some problems we compute each new position as x(t + At) = x(t) + v(t + At)At, rather than 
x(t + At) = x(t) + v(f)At as quoted in the text. This method has the same theoretical validity as that presented in 
the text, and in practice can give quicker convergence. 


mg | (3.00x10? kg)(9.80 m/s?) 


P6.44 (a) At v=v7,a=0, -mg «bo, =0 TE 300x107 kg/s =| 0.980 m/s 


(b) i(s) x(m) v(m/s) — FmN) afas?) 
0 2 0 —29.4 —9.8 
0.005 2 —0.049 -27.93 —9.31 
0.01 1.999 755 —0.095 55 —26.534 —8.844 5 
0.015 1.9993 —0.139 77 —25.2 —8.40 

.. we list the result after each tenth iteration 

0.05 1.990 —0.393 -17.6 —5.87 
0.1 1.965 —0.629 —10.5 -3.51 
0.15 1.930 —0.770 —6.31 -2.10 
0.2 1.889 —0.854 —8.78 —1.26 
0.25 1.845 —0.904 —2.26 —0.754 
0.3 1.799 —0.935 —1.35 —0.451 
0.35 1.752 —0.953 —0.811 —0.270 
0.4 1.704 —0.964 —0.486 —0.162 
0.45 1.65 —0.970 —0.291 —0.096 9 
0.5 1.61 —0.974 —0.174 —0.058 0 
0.55 1.56 —0.977 —0.110 —0.034 7 
0.6 1.51 —0.978 —0.062 4 —0.020 8 
0.65 1.46 —0.979 —0.037 4 —0.012 5 


Terminal velocity is never reached. The leaf is at 99.9% of vy after 0.67 s. The fall to the 
ground takes about 2.14 s. Repeating with Af = 0.001 s, we find the fall takes 2.14 s. 
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P6.45 (a) When v=vr, a=0, $. F=-mg+Coz =0 


um O kg)(9.80 m/s?) 


U =| -13.7 m/s 
T C 2.50x10 kg/m / 
(b) (s) x(m) v(m/s)  F(mN) (m/s) 
0 0 0 — 4.704 —9.8 
0.2 0 —1.96 — 4.608 —9.599 9 
0.4 —0.392 -3.88 — 4.327 6 —9.015 9 
0.6 —1.168 —5.683 2 -3.896 5 —8.117 8 
0.8 —2.30 —7.306 8 -3.369 3 —7.019 3 
1.0 -8.77 -8.710 7 —2.807 1 —5.848 1 
1.2 —5.51 —9.880 3 —2.263 5 —4.715 6 
1.4 -7.48 —10.823 -1.7753 —3.698 6 
1.6 —9.65 —11.563 —1.361 6 —2.836 6 
1.8 —11.96 —12.13 —1.03 -2.14 
2 -14.4 —12.56 —0.762 -1.59 
... listing results after each fifth step 
3 -27.4 —13.49 —0.154 —0.321 
4 -41.0 —13.67 —0.029 1 —0.060 6 
5 —54.7 -13.71 —0.005 42 —0.011 3 


The hailstone reaches 99% of vy after 3.3 s, 99.95% of v, after 5.0 s, 99.99% of vy after 6.0 s, 
99.999% of vr after 7.4 s. 


P6.46 (a) At terminal velocity, YF 20 = -mg + Cv? 


cong _ (0142 kg)(9.80 m/s?) aE 


vr (42.5 m/s)" 
(b) Cv? -(770x10^ kg/m)(36.0 m/s) =[ 0.998 N 
(c) Elapsed Altitude Speed Resistance Net Acceleration 
Time (s) (m) (m/s) Force (N) Force (N) (m/ s?) 
0.000 00 0.000 00 36.000 00 —0.998 49 -2.39009 -16.831 58 
0.050 00 1.757 92 35.158 42 -0.952 35 -2.34395 -16.506 67 


2.950 00 48.623 27 0.824 94 —0.000 52 -1.392 12 -9.803 69 
3.000 00 48.640 00 0.334 76 —0.000 09 -1.391 69 —9.800 61 
3.050 00 48.632 24 —0.155 27 0.000 02 —1.391 58 —9.799 87 


6.250 00 1.25085 -26.852 97 0.555 55 —0.836 05 —5.887 69 
6.300 00 -0.10652  -27.147 36 0.567 80 —0.823 80 —5.801 44 


Maximum height is about | 49 m |. It returns to the ground after about | 6.3 s | with a speed 


of approximately | 27 m/s |. 
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P6.47 (a) At constant velocity $, F =0 =-mg + Qo? 


[mg 50.0 kg)(9.80 m/s? 
Ur — Lm l sí 1 ) =| -49.5 m/s | with chute closed and 
C 0.200 kg /m 


50.0 kg (9.80 
3 i 8)( m/s) _ | -495 m/s | with chute open. 


20.0 kg/m 


(b) We use time increments of 0.1 s for 0<t<10s, then 0.01 s for 10 s <t <12 s, and then 0.1 s 
again. 


time(s) height(m) velocity(m/s) 


0 1000 0 
1 995 -9.7 
2 980 -18.6 
4 929 -32.7 
7 812 -43.7 
10 674 -47.7 
10.1 671 -16.7 
10.3 669 -8.02 
11 665 —5.09 
12 659 —4.95 
50 471 —4.95 
100 224 —4.95 
145 0 4.95 
6.48 (a) We use a time increment of 0.01 s. 
time(s) x(m) y(m) with 0 we find range 
0 0 0 30.0° 86.410 m 
0.100 7.81 5.43 35.0° 81.8 m 
0.200 14.9 10.2 25.0° 90.181 m 
0.400 27.1 18.3 20.0° 92.874 m 
1.00 51.9 32.7 15.0° 93.812 m 
1.92 70.0 38.5 10.0° 90.965 m 
2.00 70.9 38.5 17.0° 93.732 m 
4.00 80.4 26.7 16.0° 93.839 8 m 
5.00 81.4 17.7 15.5° 93.829 m 
6.85 81.8 0 15.8° 93.839 m 
16.1° 93.838 m 
15.9° 93.840 2 m 


(b) range =| 81.8 m 


(c) So we have maximum range at 0 =| 15.9? 
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P6.49 (a) At terminal speed, YF = -mg 4 Cv? =0. Thus, 


0.046 0 kg)(9.80 m/s? 
c=78 J 8) ; / is 233x10 ^ kg/m 
v (44.0 m/s) 


(b) We set up a spreadsheet to calculate the motion, try different initial speeds, and home in on 
53 m/s | as that required for horizontal range of 155 m, thus: 


U 
[2 z tan !| -4 
Time x Vy ay y vy fy as a E Ry E | 
tO o ms) (m/s) (m m (ms) (vis), (deg) 
0.0000 0.0000 45.6870 -10.5659 0.0000 27.4515 -13.6146 53.3000 31.000 0 
0.0027 0.1211 45.6590 -10.5529 0.0727 27.4155 -13.6046 53.2574 30.982 2 


2.5016 90.1946 28.9375 -4.2388 32.5024 0.0235 -9.8000 28.9375 0.046 6 
2.5043 90.2713 28.9263 -4.2355 32.5024 -0.0024 -9.8000 28.9263 —0.004 8 
2.5069 90.3480 28.9150 -4.2322 32.5024 -0.0284 -9.8000 28.9151 —0.056 3 


3.423 8 115.2298 25.4926 -3.2896 28.3972 -8.8905 -9.3999 26.9984 -19.226 2 
3.4265 115.2974 25.4839 -3.2874 28.3736 -8.9154 -9.3977 26.9984 -19.282 2 
3.429 1 115.3649 25.4751 -3.2851 28.3500 -8.9403 -9.3954 26.9984 -19.338 2 


5.1516 154.9968 20.8438 -2.1992 0.0059 -23.3087 -7.0498 31.2692 -48.1954 
5.1543 155.0520 20.8380 -2.1980 -0.0559 -23.327 4 -7.0454 312792 —48.226 2 


c) Similarly, the initial speed is | 42 m/s |. The motion proceeds thus: 
y. P P 


_4{ 9 
Time x Uy ay y Oy fy C= V vy Y vy 2 (=| 
t (s) (m) — (m/s (m/s) (m) m3 (m/s?) (m/s) (deg) 


0.0000 0.0000 28.7462 -4.1829 0.0000 30.8266 -14.6103 42.1500 47.000 0 
0.0035 0.1006 28.7316 -4.1787 0.1079 30.7754 -14.5943 42.1026 46.967 1 


2.7405 66.3078 20.5484 —2.1374 39.4854 0.0260 -9.8000 20.5485 0.072 5 
2.7440 66.3797 20.5410 -2.1358 39.4855 -0.0083 -9.8000 20.5410 —0.023 1 
2.7475 66.4516 20.5335 -2.1343 39.4855 -0.0426 -9.8000 20.5335 —0.118 8 


3.1465 744805 19.7156 -1.9676 38.6963 -3.9423 -9.7213 20.1058  -113077 
3.1500 74.5495 19.7087 -1.9662 38.6825 -3.9764 -9.7200 20.1058  -11.4067 
3.1535 74.6185 19.7018 -1.9649 38.6686 -4.0104 -9.7186 20.1058 -11.505 6 


5.6770 118.9697 15.7394 -1.2540 0.0465 -25.2600 -6.5701 29.7623 -58.073 1 
5.6805 119.0248 15.7350 -1.2533 -0.0419 -25.2830 -6.5642 29.7795 | -581037 


The trajectory in (c) reaches maximum height 39 m, as opposed to 33 m in (b). In both, the 
ball reaches maximum height when it has covered about 57% of its range. Its speed isa 
minimum somewhat later. The impact speeds are both about 30 m/s. 
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Additional Problems 


*P6.50 — When the cloth is at a lower angle 0, the radial 


component of >’ F = ma reads Sy _mg sin68 


~ 
"I Z N 
mg cos68° 
' mv? mg 
n+mg sin @=—_. 
T 


At 0 = 68.0°, the normal force drops to zero and 


2 
gsin68*- —. FIG. P6.50 
T 


v= rg sin 68° = (0.33 m)(9.8 m/s?)sin68° - 173 m/s 


The rate of revolution is 


angular speed = (1.73 mys} 4 op IE 0.835 rev/s |- 50.1 rev/min. 
m 


2ar 0.33 m) 
1000 
*"Pé51 (à v=(30 ke E { : | -833 m/s n 
s 
2 
DF, =ma,: +n-mg = ULM 
r 
m 

v? , (833 m/s) s 
n=m| g- |=1800 kg 9.8 m/s2- 22 MS 

r 20.4 m FIG. P6.51 


=| 115x104 N up 


mv? 


(b) Take n = 0. Then mg = —. 
r 


v= gr = (9.8 m/s?)(20.4 m) - [141 m/s |- 509 km/h 


2 
P6.52 (a) DF, =ma, = a 


"PEEL nal me IT 
NE: SUR 

mo? 

(b) When n=0, mg = R 


Then, v= VgR : 


*P6.53 


P6.54 


(a) 


(b) 


(d) 


(e) 


(a) 


(b) 


(c) 


0.160 N - 0 
slope = — ——5—5- =| 0.0162 kg/m 
p 9.9 m?/s? 5/ 


R _4DpAv? _ 


2 2 
U 0 


slope = 


1 
DpA 
3 P 


T DpA =0.016 2 kg/m 
7 2(0.016 2 kg/m) E 
(1.20 kg /m?)a(0.105 m)" 


0.778 


From the table, the eighth point is at force mg = 8(1.64 x10? kg)(9.8 m/ s? ) = 0.129 N and 


horizontal coordinate (2.80 m/ sj. The vertical coordinate of the line is here 
0.129 N - 0.127 N 


Chapter 6 


=1.5%. 


(0.016 2 kg/m)(2.8 m/s)” =0.127 N. The scatter percentage is 


0.127 N 


The interpretation of the graph can be stated thus: For stacked coffee filters falling at 
terminal speed, a graph of air resistance force as a function of squared speed demonstrates 
that the force is proportional to the speed squared within the experimental uncertainty 
estimated as 2%. This proportionality agrees with that described by the theoretical equation 


1 
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R= 5 DoAv* . The value of the constant slope of the graph implies that the drag coefficient 


for coffee filters is D = 0.78 € 296. 


While the car negotiates the curve, the accelerometer is at the angle @. 


N 


Horizontally: Tsing = 3 
r 


Vertically: T cos 0 = mg 


where r is the radius of the curve, and v is the speed of the car. 


v? 


By division, tang = — 
7S 
2 


Then a, =~ = gtané: 


; a,= (9.80 m/s? tan15.0* 


a, =| 2.63 m/s? 


v? _ (23.0 m/s). —- 


f--—————--|201m 
A. 2.63 m/s? 


v? =rgtanO=(201 m)(9.80 m/s*)tan9.00° — v- [177 m/s | 


| a 

| 

10 

l 

| 

| iu 
mg 

FIG. P6.54 
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P6.55 Take x-axis up the hill 


SF, =ma,: +Tsinĝ-mgsinġ= ma 
22 d eee 
m 


DF, =ma,: *Tcos0—mgcosó -0 
_ mgcosó 


cosé 
pagos ġsinð 
cos 
a=| g(cos¢tand-sin¢) 


—gsing 


27(7.46 s 
*P6.56 (a) The speed of the bag is em) =1.23 m/s. The f n 
s 
total force on it must add to e» 
C 
2 
30 kg)(1.22 m/s 
p = GOK) ms) ay mg 
7.46 m 
FIG. P6.56 


$ F, =ma,: f,cos20-nsin20=6.12 N 
È F, =ma,: f, sin20+ncos20- (30 kg)(9.8 m/s?)-0 
es f; cos20 —6.12 N 


sin 20 
Substitute: 
2 
f,sin20.. f, 99 29. (6.12 N) 99920. 9 NI 
sin 20 sin 20 
f,(2.92) = 294 N +16.8 N 
f, =| 106 N 
21(7.94 
Qj-- pe aa 
34s 
2 
30 kg)(1.47 m/s 
j S VET N CUN 
7.94m 
f, cos 20 -n sin 20 =8.13 N 
f; sin 20 +n cos 20 = 294 N 
f, cos 20 -8.13 N 
B sin 20 
2 
find 608 Se Ny 90a 
sin 20 sin 20 
f,(2.92) = 294 N +22.4N 
f; =108 N 
pa (108 N)cos20 -8.13 N _ 273 N 
sin 20 
f, 10N _ 


0.396 


Hic MSN 


P6.57 


P6.58 


P6.59 


(a) 


(b) 


(a) 


(b) 


(c) 


(a) 


(b) 


(c) 
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Since the centripetal acceleration of a person is downward (toward N ! 
the axis of the earth), it is equivalent to the effect of a falling 
elevator. Therefore, 


F =F ae F, > F; 


At the poles v=0 and F, = F, = mg =75.0(9.80) =| 735 N | down. 


FIG. P6.57 


At the equator, F; = F, - ma, = 735 N -75.0(0.033 7) N =| 732 N | down. 


Since the object of mass m, is in equilibrium, 2 F,=T-m,g8=0 


or T =| msg. 


The tension in the string provides the required centripetal acceleration of the puck. 


Thus, F,=T =| mg¢ |. 
2 
From B ee 
R 
we have v= ce E : 
mi mi 
88.0 ft 
v - (300 mi/h) C22 IUS |. 149 ft/s 
60.0 mi/h 


At the lowest point, his seat exerts an upward force; therefore, his weight seems to increase. 
His apparent weight is 


967 lb |. 


2 440)" 
F'2mgam- =160+( | Jus 
d r 32.0) 1200 


At the highest point, the force of the seat on the pilot is directed down and 


; v 
F; SEEME ES —647 lb |. 


Since the plane is upside down, the seat exerts this downward force. 


2 
When F, =0, then mg = = If we vary the aircraft’s R and v such that the above is true, 


then the pilot feels weightless. 
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P6.60 


P6.61 


P6.62 


Circular Motion and Other Applications of Newton’s Laws 


For the block to remain stationary, ?/F, =0 and * F, =ma,. 


nı =(m, +m,)g so f € Uan = ua (m, «m; Jg. 


At the point of slipping, the required centripetal force equals the Mog "pg 
maximum friction force: 
ny 
2 
Umax 
(m, +m) ; = ug (my * m,)g Sp 
OF Umax = Y Harg = (0.750)(0.120)(9.80) = 0.939 m/s. 7 
For the penny to remain stationary on the block: myg mpg 
DF, =0=>n,-m,8=0 or n, =m, 
nz 

p? 
and >’ F, «ma, > f, =m, 

r 

Sp 
When the penny is about to slip on the block, f, = fp, max = Hs2!t2 
_ ERN 
or Hs2Mp8 ~ my r mpg 
Vmax = y tt,arg = 4(0.520)(0.120)(9.80) = 0.782 m/s FIG. P6.60 


This is less than the maximum speed for the block, so the penny slips before the block starts to slip. 
The maximum rotation frequency is 


Max rpm = mex — (0.782 m/s) 2 | ome E 62.2 rev/min |. 
2ar 22(0.120 m) |1 min 


2ar 22(9.00 m) 
T ~~ (150s) 


= 3.77 m/s 


(a) a, =— =| 1.58 m/s? 


(b) Pow = m(g+a,) =| 455 N 


(c) Fhigh = m(g—a,)=| 328 N 


-1 1.58 


=| 9.15° inward |. 
9.8 


(d) Faia = Mg? +a? =| 397 N upward and | at 0 - tan ! fr tan 
8 


Standing on the inner surface of the rim, and moving with it, each person will feel a normal force 
exerted by the rim. This inward force causes the 3.00 m/s? centripetal acceleration: 


2 
gee v= ar = (500 m/s?)(60.0 m) = 13.4 m/s 
r 
27(60.0 
The period of rotation comes from v = zz i em em. al m) -281s 
T U 13.4 m/s 


so the frequency of rotation is f= Bo PES ( 2a E 2.14 rev/min |. 
T 281s 281s\1 min 


P6.63 


P6.64 


P6.65 


(a) 


(b) 


(a) 


(b) 


(a) 


(b) 
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The mass at the end of the chain is in vertical equilibrium. 
Thus T cos0 2 mg. 


N 


Horizontally T sin @= ma, = M 
p 


r = (2.50 sin 8 + 4.00) m 
r = (2.50 sin 28.0°+4.00) m = 5.17 m 


2 


Then a, = =, 
517m 

A. W^ FIG. P6.63 
By division tan 0 = — = 
g 517g 


v? =5.17¢ tan 6 = (5.17)(9.80)(tan 28.0°) m? /s? 


T cos 0 = mg 
50.0 kg)(9.80 m/s? 
T- mg ( 8)( / ix 555 N 
cos 0 cos 28.0? 


The putty, when dislodged, rises and returns to the original level in time t. To find t, we use 


2 

0, =U; tat: i.e., -v =+- gt or t= Z7 where v is the speed of a point on the rim of the wheel. 
s 

2v 2aR 

s v 


If R is the radius of the wheel, v = = ,s0 t= 


Thus, v? = zRg and | v=,/aR¢ |. 


The putty is dislodged when F, the force holding it to the wheel is 


F= =| mrg |. 


n=— —mg=0 
R f-mg 
2aR 
faun peso 
p2| [Ac Rus 
$8 
T=| 2.545 
Ie _ Trev (== )- 236 tev 
min 2.54 s\ min min 


FIG. P6.65 


mg 
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P6.66 Let the x-axis point eastward, the y-axis upward, and the z-axis point southward. 


(a) 


(b) 


(c) 


(d) 


v? sin 26; 


8 
The initial speed of the ball is therefore 


The range is Z = 


zZ {(9.80)(285) 
TEE z 
' Ņsin20; sin 96.0° 


= 53.0 m/s 


The time the ball is in the air is found from Ay = v,,t + ju as 


0 (53.0 m/s)(sin 48.0°)t - (4.90 m/s?)? 


giving t =| 8.04s |. 


22R, cos d; 2n(6.37 x 10° m) cos 35.0° 
86400s — 86 400 s 


Vix = =| 379 m/s 


360° of latitude corresponds to a distance of 27R,, so 285 m is a change in latitude of 


| S sr) =| L1 m — [as 25607 degrees 
2aR, 2n(6.37 x 105 m) 


The final latitude is then $ ; = 9; — Ag = 35.0?-0.002 56? = 34.997 4°. 


27K, cos 9, 


The cup is moving eastward at a speed v; = 86 400 
s 


, which is larger than the eastward 


velocity of the tee by 


[cosø; cosg; |= Re [cos(g, -A$)- cos 9] 


27R 
Ave ty Or IS 


86 Ads 
27k, 
~ 86 400 s 


[cos ø; cos Ag + sin 9; sin Ag — cosg; | 


2aR, 


Since A¢ is such a small angle, cos Aó «1 and Av, = 
86 400 s 


sing; sin Ag. 


2n(6.37 x 10° m) 
Av, © sin 35.0° sin 0.002 56°=| 1.19 x10 m/s 
86 400 s 


Ax =(Av,)t=(1.19 x10 m/s)(8.04 s) = 0.095 5 m=[9.55 cm 


P6.67 


(a) 


(b) 


(c) 


If the car is about to slip down the incline, f is directed up 
the incline. 


DF, «ncos0- f sinü—mg =0 where f = u,n gives 


n- iii and f = HME ; 
cos A(1+ u, tan 9) cos 6(1 + u, tan 9) 


2 


Then, MF, =nsin@- f cos0=m = yields 


Rg(tan0— us) 
l-u,tanü | 


min 


When the car is about to slip up the incline, f is directed 
down the incline. Then, >) F, =n cos6— f sin -mg =0 


with f = u,n yields 


n- dda and f= HME í 
cos O(1- u, tan 9) cos O(1 — u, tan 9) 


2 
U max 


In this case, $ F, 2 nsinQ4 f cosó- m , Which gives 


Rg(tan 0 u) 
Umax = , 
me 1- yp, tand 
Reg(tan0- 
If Vmin = st Hs) _o then u, ^ tanQ |. 


1+ yu, tand 


(100 m)(9.80 m/s”)(tan10.0°-0.100) 


a 1+(0.100)tan10.0° E 


(100 m)(9.80 m/s? (tan 10.0°+0.100) 


bui. 1- (0.100)tan 10.0 E 


U 


mg 


Chapter6 185 


ncos@ 


mg 


n cos 


fsin@ 


FIG. P6.67 
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P6.68 


(a) 


(b) 


The bead moves in a circle with radius v = Rsin 0 at a speed 
of 


$ Aum  2zRsinO 
T T 


The normal force has 
an inward radial component of n sin 0 
and an upward component of n cos 8 
DF, =ma,: ncosü-mg-0 


or 


n= mg 
cos 0 


FIG. P6.68(a) 


2 
Then YF, =nsind=m P becomes e) sing = —. 
r cos 


gsinÓ 4z?RsinO 


which reduces to 


cosO - TP 
This has two solutions: sind=0> 0-0? 
T? 
and cos @ = $ 2 
4r R 


If R=15.0 cm and T = 0.450 s, the second solution yields 


(9.80 m/s? (0.450 s)? 


cosĝ = E 
4z^ (0.150 m) 


— Rsinó 


(28 zi 
T 


(1) 


(2) 


= 0.335 and 0=70.4° 


Thus, in this case, the bead can ride at two positions | 6 = 70.4? 


and 


0-0? |. 


At this slower rotation, solution (2) above becomes 


(9.80 m/s?)(0.850 s)? 
41? (0.150 m) 


cos @ = = 1.20, which is impossible. 


In this case, the bead can ride only at the bottom of the loop, 


0-0? 


. The loop's rotation 


must be faster than a certain threshold value in order for the bead to move away from the 


lowest position. 
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P6.69 At terminal velocity, the accelerating force of gravity is balanced by frictional drag: mg = arv + br*v? 
() — mg =(3.10 x10% Jo + (0.870 x 10 Jo? 
3| 4 hos RT. 
For water, m= pV =1000 kg/m 37(10 m) 
411x107 =(3.10 x 10° o + (0.870 x 10719 Jo? 
Assuming v is small, ignore the second term on the right hand side: | v = 0.013 2 m/s |. 
(b mg =(3.10 x10% )v + (0.870 x 105v? 
Here we cannot ignore the second term because the coefficients are of nearly equal 
magnitude. 
4.11 x 10 * = (3.10 x 10 Jo + (0.870 x 10° o? 
-3.10 + (3.10)? + 4(0.870)(4.11) 
v= =| 1.03 m/s 
2(0.870) 
(c) mg =(3.10 x 107 Jo + (0.870 x 10% Jo? 
Assuming v>1 m/s, and ignoring the first term: 
4.11 x 10? = (0.870 x10 )o? v =| 6.87 m/s 
mg —bt oa i ‘ 
P6.70 v= b l-exp where exp(x) =e” is the exponential function. 
m 
At t — o, UU, = = 
—b(5.54 
At t=5.54s Gsiieae a 
9.00 kg 
-b(5.54 
xp UD = 0.500; 
9.00 kg 
—b(5.54 
O54 8) 0,500 = -0.695; 
9.00 kg 
9.00 kg (0.693 
b- eK UT 1.13 m/s 
5.54 s 
9.00 kg)(9.80 m/s? 
(à o=% o, 2 Y / k: 78.3 m/s 
b 1.13 kg/s 
-113t -113t 
b 0.7500, = v7] 1-ex X = 0.250 
S i v| Y 9.00 3J Y 9.00 J 
_ 9.00(1n 0.250) PJMTTS 
-1.13 


continued on next page 
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P6.71 


Circular Motion and Other Applications of Newton’s Laws 
dx (mg b F e( mg -bt 
B em Il al 3l je-j b Il ev (Jia 
mgt (m? -bt mgt (m? —bt 
sep n rp) 


554s — ((9.00 kg) (9.80 m/s?) 
+ 
1.13 kg/s (1.13 m/s)” 
x = 434 m+626 m(-0.500) =) 121 m 


Att-554s, x =9.00 kg(9.80 m/s?) 


[exp(-0.693) — 1] 


DF, =L, - T, -mg = Lcos20.0?-T sin 20.0°-7.35 N = ma, =0 Fi - Ly 590, 
2 eee | 
SÍ SLT. = Lsin 20.0*«T cos 20.0? - m — ss A 
, ES 
2 35.0 m/s)” 
m——=0.750 kg ( [S -163N 
T (60.0 m) cos 20.0? 


-. L sin 20.0°+T cos 20.0? = 16.3 N 
L cos 20.0?-T sin 20.0? = 7.35 N 
cos20.00 163 N 


sin20.0° sin 20.0? FIG. P6.71 
S200" _ 7.35 N 


cos 20.0°  cos20.0? 
T (cot 20.0°+ tan 20.0°) = 


16.3 N 7.35 N 
sin 20.0° cos20.0° 


T(3.11) =39.8 N 
T=[128N 
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P6.72 (a) t(s) | d(m) (b) d(m) 
L00| 488 Uere eee 
2.00| 189 pode tea cae d 
3.00| 421 20D E ud. 
400| 738 700 MI : 
5.00 | 112 mart | 
6.00 | 154 d te 
700 | 199 anie e e 
8.00 | 246 | i | | | ! 1 
9.00 | 296 400 Ser aca et | : | $ 
10.0 | 347 ee eee ee | 
1L0 | 399 E EAE 
120 |452 200 ee ne ee b 4---E-- 
13.0 | 505 | PE TT 
140 |558 " 1 E 
150 | 611 " | | (s) 
160 |664 0 2 4 6 8 10 12 14 16 18 20 
17.0 |717 
18.0 | 770 
19.0 | 823 
20.0 | 876 


(c) A straight line fits the points from t — 11.0 s to 20.0 s quite precisely. Its slope is the terminal 


speed. 
876 m—-399 m 
vr = slope = —— — — — =| 53.0 m/s 
prep co oec qune EE 
* ee P do dx 

P6.73 v =v; — kx implies the acceleration is a= d 0-k TM ko 

Then the total force is >) F =ma =m(-kv) 

The resistive force is opposite to the velocity: Y F=-kny |. 

ANSWERS TO EVEN PROBLEMS 

P6.2 215 N horizontally inward P6.12 2.06 x 10° rev/min 


-12 
P6.4 6.22x10 N 2T 


P6.14 (a) x= s) ; (D) 2L upward 
m 
P6.6 (a) 1.65 km/s; (b) 6.84 x 10? s 


P6.16 (a) 1.33 m/ s”; (b) 1.79 m/ s? forward and 


P6.8 0.966 
8 48.0? inward 


P610  (a)(-02331i-0.163j)m/s^;(b) 6.53 m/s; P618 — gg8N 
(c) (-0.181 1. 0.181 j] m/s? 
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P6.20 


P6.22 


P6.24 


P6.26 


P6.28 


P6.30 


P6.32 


P6.34 


P6.36 


P6.38 


P6.40 


P6.42 


P6.44 


(a) 8.62 m; (b) Mg downward; 
(c) 8.45 m/s? , Unless they are belted in, 
the riders will fall from the cars. 


15.3 m/s Straight across the dashboard to 
the left 


0.527° 
(a) 1.41 h; (b) 17.1 


_ 2(vt - L) 
dg (g +a)? 


(a) 2.38 x 10? m/ s? horizontally inward 
= 2.43 x 10* g; (b) 360 N inward 
perpendicular to the cone; 

(c) 47.5 x 10* m/s? 


(a) 6.27 m/ s? downward; (b) 784 N up; 
(c) 283 N up 


(a) 53.8 m/s; (b) 148 m 
1.40 

-0.212 m/s? 

see the solution 

36.5 m/s 


(a) 0.980 m/s; (b) see the solution 


Circular Motion and Other Applications of Newton's Laws 


P6.46 


P6.48 


P6.50 


P6.52 


P6.54 


P6.56 


P6.58 


P6.60 


P6.62 


P6.64 


P6.66 


P6.68 


P6.70 


P6.72 


(a) 70x10 ^* kg/m; (b) 0.998 N; 

(c) The ball reaches maximum height 49 m. 
Its flight lasts 6.3 s and its impact speed is 
27 m/s. 

(a) see the solution; (b) 81.8 m; (c) 15.9? 


0.835 rev/s 


2 
(a) mg - 5; (b) v= JfgR 
(a) 2.63 m/s”; (b) 201 m; (c) 17.7 m/s 


(a) 106 N; (b) 0.396 
(a) mg; (b) mag; (c) [22 Jn 
T 


62.2 rev/min 
2.14 rev/min 
(a) v» JzRg ; (b) mrg 


(a) 8.04 s; (b) 379 m/s; (c) 1.19 cm/s; 
(d) 9.55 cm 


(a) either 70.4? or 0°; (b) 0° 
(a) 78.3 m/s; (b) 11.1 s; (c) 121 m 


(a) and (b) see the solution; (c) 53.0 m/s 


Q7.4 


Q7.5 


Q7.6 


Q7.7 


Q7.8 


Q7.9 
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ANSWERS TO QUESTIONS 


Q7.1 The force is perpendicular to every increment of displacement. 
Therefore, F-Ar=0. 


Q7.2 (a) Positive work is done by the chicken on the dirt. 
(b) No work is done, although it may seem like there is. 
(c) Positive work is done on the bucket. 
(d) Negative work is done on the bucket. 
(e) Negative work is done on the person's torso. 


Q7.3 Yes. Force times distance over which the toe is in contact with 
the ball. No, he is no longer applying a force. Yes, both air 
friction and gravity do work. 


Force of tension on a ball rotating on the end of a string. Normal force and gravitational force on an 
object at rest or moving across a level floor. 


(a) Tension (b) Air resistance 


(c) Positive in increasing velocity on the downswing. 
Negative in decreasing velocity on the upswing. 


No. The vectors might be in the third and fourth quadrants, but if the angle between them is less 
than 90 their dot product is positive. 


The scalar product of two vectors is positive if the angle between them is between 0 and 90*. The 
scalar product is negative when 90? « 0 « 180? . 


If the coils of the spring are initially in contact with one another, as the load increases from zero, the 
graph would be an upwardly curved arc. After the load increases sufficiently, the graph will be 
linear, described by Hooke's Law. This linear region will be quite large compared to the first region. 
The graph will then be a downward curved arc as the coiled spring becomes a completely straight 
wire. As the load increases with a straight wire, the graph will become a straight line again, with a 
significantly smaller slope. Eventually, the wire would break. 


k' 2k. To stretch the smaller piece one meter, each coil would have to stretch twice as much as one 
coil in the original long spring, since there would be half as many coils. Assuming that the spring is 
ideal, twice the stretch requires twice the force. 
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Q7.10 


Q7.11 


Q7.12 


Q7.13 


Q7.14 


Q7.15 


Q7.16 


Q7.17 


Q7.18 


Q7.19 


Q7.20 


Q7.21 


Q7.22 


Kinetic energy is always positive. Mass and squared speed are both positive. A moving object can 
always do positive work in striking another object and causing it to move along the same direction 
of motion. 


Work is only done in accelerating the ball from rest. The work is done over the effective length of the 
pitcher's arm—the distance his hand moves through windup and until release. 


Kinetic energy is proportional to mass. The first bullet has twice as much kinetic energy. 


The longer barrel will have the higher muzzle speed. Since the accelerating force acts over a longer 
distance, the change in kinetic energy will be larger. 


(a) Kinetic energy is proportional to squared speed. Doubling the speed makes an object's 
kinetic energy four times larger. 


(b) If the total work on an object is zero in some process, its speed must be the same at the final 
point as it was at the initial point. 


The larger engine is unnecessary. Consider a 30 minute commute. If you travel the same speed in 
each car, it will take the same amount of time, expending the same amount of energy. The extra 
power available from the larger engine isn't used. 


If the instantaneous power output by some agent changes continuously, its average power in a 
process must be equal to its instantaneous power at least one instant. If its power output is constant, 
its instantaneous power is always equal to its average power. 


It decreases, as the force required to lift the car decreases. 


As you ride an express subway train, a backpack at your feet has no kinetic energy as measured by 
you since, according to you, the backpack is not moving. In the frame of reference of someone on the 
side of the tracks as the train rolls by, the backpack is moving and has mass, and thus has kinetic 
energy. 


The rock increases in speed. The farther it has fallen, the more force it might exert on the sand at the 
bottom; but it might instead make a deeper crater with an equal-size average force. The farther it 
falls, the more work it will do in stopping. Its kinetic energy is increasing due to the work that the 
gravitational force does on it. 


The normal force does no work because the angle between the normal force and the direction of 
motion is usually 90°. Static friction usually does no work because there is no distance through 
which the force is applied. 


An argument for: As a glider moves along an airtrack, the only force that the track applies on the 
glider is the normal force. Since the angle between the direction of motion and the normal force is 
90°, the work done must be zero, even if the track is not level. 

Against: An airtrack has bumpers. When a glider bounces from the bumper at the end of the 
airtrack, it loses a bit of energy, as evidenced by a decreased speed. The airtrack does negative work. 


Gaspard de Coriolis first stated the work-kinetic energy theorem. Jean Victor Poncelet, an engineer 
who invaded Russia with Napoleon, is most responsible for demonstrating its wide practical 
applicability, in his 1829 book Industrial Mechanics. Their work came remarkably late compared to the 
elucidation of momentum conservation in collisions by Descartes and to Newton's Mathematical 
Principles of the Philosophy of Nature, both in the 1600's. 
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SOLUTIONS TO PROBLEMS 


Section 7.1 Systems and Environments 
Section 7.2 Work Done by a Constant Force 
P7.1 (a) W = FAr cos0 = (16.0 N)(2.20 m)cos25.0?- | 31.9] 


P7.2 


P7.3 


(b), (c) The normal force and the weight are both at 90° to the displacement in any time interval. 
Both do | 0 | work. 


(d) > W =31.9J+0+0=| 319 J 


The component of force along the direction of motion is 
Fcos@ = (35.0 N)cos 25.0°= 31.7N. 


The work done by this force is 


W =(F cos 8)Ar =(31.7 N)(50.0 m) =| 1.59 x 10? J |. 


Method One. 


Let ¢ represent the instantaneous angle the rope makes with the vertical as 
it is swinging up from 4; 20 to ø; =60° . In an incremental bit of motion 


from angle ¢to ¢+d¢, the definition of radian measure implies that 


Ar — (12 m)dó . The angle 0 between the incremental displacement and the bs : BE ae 
force of gravity is 0 =90°+ 9. Then cos @=cos(90°+¢) = -sing . 
The work done by the gravitational force on Batman is FIG. P7.3 
f $=60° 
W= fE cos üir = Jmg(- sin ¢)(12 m)d¢ 
i $-0 


- -mg(12 ay (ine dp=(-80 kg)(9.8 m/s”\(12 m)(-cos¢)|” 
0 


= (-784 N)(12 m)(- cos 60°+1) =| —4.70 x 10? J 


Method Two. 


The force of gravity on Batman is mg = (80 keg)(9.8 m/s*)=784 N down. Only his vertical 
gravity & 8 y 


displacement contributes to the work gravity does. His original y-coordinate below the tree limb is 
-12 m. His final y-coordinate is (-12 m) cos 60°= —6 m. His change in elevation is 


-6 m- (-12 m) 2 6 m. The work done by gravity is 


W = FAr cos 0 = (784 N)(6 m)cos180?- | -4.70 kJ |. 
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P7.4 (a) W = mgh = (3.35 x10 (9.80)(100) J =| 3.28 x 10° J 


(b) Since R= msg, Wair resistance — -3.28 x 10? J 


Section 7.3 The Scalar Product of Two Vectors 


P7.5 A=5.00; B=9.00; 0—50.0? 
A -B = AB cos 0 = (5.00)(9.00) cos 50.0°=| 28.9 


P7.6 A-B=(A,i+A,j+A,k)-(B ad 
i- 


A:B- A,B, (i-i) - A,B,( 


j) 
+A,B,(j-i)+A,B,(j- 4, B, 
j 


um 
AB, (k- i) - A.B, (k-3) A.B. (k- 
A-B-[ A,B, +A,B, * A.B, 


P7.7 (a) W =F -Ar = F,x + F,y = (6.00)(3.00) N -m + (-2.00)(1.00) N -m =| 16.0 J 


(b) 0- sos" ( -cos! 16 — [3695 
ies 1((6.00)? +(-2.00)")((3.00)? + (.00)”) 


P7.8 We must first find the angle between the two vectors. It is: y 


0 = 360*—118?—90.0?—132? = 20.0? 


Then 


F -v = Fvcos 0 = (32.8 N)(0.173 m/s)cos 20.0? 


v = 17.3 cm/s 
atya 44] paTW 
S S 
FIG. P7.8 
P7.9 (a) | A-3)00i- 2.00 
B= 400i — 4.00j 0-cos! a =cos” E Ui: SS 
AB (13.0)(32.0) 


(D  B=3.00i- 4.00) + 2.00k 
A.B -6.00-16.0 


A = -2.00i + 4.00} cosĝ==+ = 0 - | 156° 
AB (20.0(29.0) 


(c) A =i- 2.00 + 2.00k 


a ^ A-B —6.00 + 8.00 
B — 3.005 + 4.00k zx P= os” ( - 82.3? 
J AB 49.00 - 25.0 
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P710 — A-B-(300i« j- k)- (-1«2.00j +5.00k) 
A —B- 400i - j- 6.00k 
C-(A - B) - (2.00 — 3.00k)- (4.001 — j - 6.00k) = 0 + (-2.00) + (+18.0) =| 16.0 


Section 7.4 Work Done by a Varying Force 
P7.11 W= | Fax = area under curve from x; to x; 
(a) x; =0 x; =8.00 m 


W = area of triangle ABC = Gas x altitude, 


Woas = (5) x 8.00 mx 6.00 N =| 240] 


FIG. P7.11 


(b) x; = 8.00 m x; =10.0 m 


W = area of ACDE = B x altitude, 


Wiss (2) x (2.00 m) x (-3.00 N) - [3.00] 


P712  F,-(8x-16)N 


(a) See figure to the right 


-(200 m)(16.0 N) _ (1.00 m)(8.00 N) _ 
2 2 


(b) Wret m 12.0 J 


FIG. P7.12 
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P7.13 W = J F,dx 


and W equals the area under the Force-Displacement curve 


(a) 


(b) 


(c) 


(d) 


For the region 0€ x 5.00 m, 


"EG ven m). 


7.50] 


For the region 5.00€ x x 10.0, 


W - (3.00 N)(5.00 m) - [150] 


For the region 10.0< x 15.0, 


"EG Nyon m) 


7.50] 


For the region 0€ x x 15.0 


W =(7.50 + 7.50 + 15.0) J = | 30.0] 


5m 


f 
P7.14  Wc-[F.dr- [(4xi+3yj) N-dxi 


5m 


[(4 N/m)xdx «0 - (4 N/m) — 


0 


0 
215m 


50.0 J 


0 


_ F Mg _ (4.00)(9.80) N 


575 N/m 


P7.15  k —5— -157x10? N/m 
y v 2.50x10 ^ m 
mg  (1.50)(9.80) 
a For 1.50 kg mass y = = =| 0.938 cm 
(a) 5 mass Fe 157x108 
l3 
(b) Work = 5 
Work = BE x10? N-m}(4.00 x 10? m =[125J 
P7.16 (a) Spring constant is given by F = kx 
F (230N) 
x (0.400 m) — 
(b) Work = E.gx- + (230 N)(0.400 m) =| 46.0 J 


E (N) 


5 10 


FIG. P7.13 
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*P7.17 (a) P, pplied = kleafX o + KneiperXn =k,x,+ ki, (x, a Yo) 


5x10? N 25.25 x 10? NE +3.60 x 10? x x,-0.5m 
l 4 
m m 


6.8 x105 N 


= =| 0.768 m 
8.85 x 10° N/m 


Xy 


(b) wee kx? + l kx? = : (sas x 10? N Jozes m)? +43,60x10° N (0.268 m)? 
2.7777 2 m 2 m 


1.68 x 10° J 


f 
P718 (a) W - [F-dr 


0.600 m 
W= (15000 N +10000x N/m-25000x? N/m? Jdxcos0* 
0 


10000x? 250002 [^^ ™ 


3 
0 
W =9.00 kJ +1.80 kJ - 1.80 kJ =| 9.00 kJ 


(b) Similarly, 


W =15 000x + 


(10.0 KN/m)(1.00 m)? (25.0 KN/m?\(1.00 m)? 


W = (15.0 KN)(1.00 m) + 5 3 


W =| 11.7 kJ |, larger by 29.6% 


P719 4.00J= = (0.100 m)? 
z.k 2800 N/m and to stretch the spring to 0.200 m requires 


AW - = (800)(0.200)* -4.00 J=|120J 


P7.20 (a) The radius to the object makes angle 0 with the horizontal, so M 
its weight makes angle 0 with the negative side of the x-axis, 
when we take the x-axis in the direction of motion tangent to 
the cylinder. 

MP smi 
F-mgcos0-0 
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F=| mgcos@ 


FIG. P7.20 


f 
(b) W - [F-dr 


We use radian measure to express the next bit of displacement as dr = Rd@ in terms of the 


next bit of angle moved through: 


z/2 
W= J mg cos 6Rd0 = mgRsin ^ 
0 


W =mgR(1-0)=| mgR 
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*P7.21 The same force makes both light springs stretch. 
(a) The hanging mass moves down by 
mg mg Ll... | 
kı ky 6 ky 
2 1m 1m = 
-1.5 kg 9.8 m/s + =| 2.04x 10 m 
1200N 1800N 
(b) We define the effective spring constant as 
-1 
UEM. mg _{ 1 E 1 
x mg(1/k,+1/k,) lk, k 
1 
1m 1m 
i + =| 720 N 
(zx ise) “NE 
*P7.22 See the solution to problem 7.21. 
1 1 
(a) x- "| + a 
kh k 
OR 
b k=| —+— 
e LE 
2 
P7.23 ig-[-|- 5-56 myst kg 
x| m m s 
Section 7.5 Kinetic Energy and the Work-Kinetic Energy Theorem 
Section 7.6 The Non-Isolated System—Conservation of Energy 
P724 (a) Kg = (0.600 kg)(2.00 m/s)” - [1207 
1 2K (2)(7.50) 
b —mo-Kg vg =,{— = =| 5.00 m/s 
Gam a a a a a 0.600 / 
(c) Y.W =AK=Kg-Ka = m(o} v4) =7.50 J-1.20 J=| 630] 
1 > 1 2 
P7.25 (a) K= ge 7 (0-300 kg)(15.0 m/s) =| 33.8 J 
(b) K= 5 (0.300)(30.0) = 5 (0300)05.0)* (4) = 4(33.8) =| 135] 


P7.26 


P7.27 


P7.28 


P7.29 
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v; = (6.00i-2.00j)= m/s 


(a) v=o Up = 440.0 m/s 


1 1 
K; = Smo} = (3.00 kg)(40.0 m/s”) =| 60.0 J 


(b) v; = 8.001 + 4.00) 
07 =v p- vs =64.0+16.0=80.0 m?/s? 
_ 3.00 
2 


1 
AK - K,- K; = 52 -v; | (80.0) 60.0 =| 60.0 J 


Consider the work done on the pile driver from the time it starts from rest until it comes to rest at 
the end of the fall. Let d = 5.00 m represent the distance over which the driver falls freely, and 
h - 0.112 m the distance it moves the piling. 


1 
YW-AK: Weng + Wpeam = gj"; - "mi 
so (mg)(h+ d) cos0*«(F(d)cos180* — 0-0. 
E h+d) (2100 kg)(9.80 m/s? (5.12 m) 
Thus, F= u ) = l o^ 120 / ) =| 8.78 x107 N |. The force on the pile 
120m 


driver is | upward |. 


(a) AK =K;—K; = mj 0- *'W = (area under curve from x =0 to x 25.00 m) 


2 pe | [2(7.50 J) _ 194 m/s 
m 4.00 kg 


(b) | AK-K,-K 


2(area) 2(22.5 J) 
- - =| 3.35 
of | m | 4.00 kg 
(c) AK =K,-—K;= : mo; 0- *W = (area under curve from x =0 to x 215.0 m) 


n T - GE ) rag m 
m 4.00 kg 


: mo; 0= Zw = (area under curve from x=0 to x=10.0 m) 
2 


1 
(a) Ki+ YW =Ky = Smo; 
1 3 2 
0+5 W - 7 (15.010 kgJ(780 m/s)" =[ 456 KJ 


W 4.56 x 10° J 
Arcos@ (0.720 m)cos0° 


(b) 6.34 kN 


o?-o2 (780 m/s) -0 
EUM 2 
- - =| 422 km 
WI. Her ; 2(0.720 m) Em 


(d | XFema-(15x10? kg)(422x10° m/s?)- [634 kN 


200 = Energy and Energy Transfer 
P730 (a)  ,-0096(3x10* m/s) = 2.88 x10” m/s 


1 1 £ 2 : 
Kj = mvj = 5 (911x10 ? kg)(2.88 x10" m/s) -|378x10 75 J 


(b) K;+W=K;:  0+FArcos@=K, 


F(0.028 m)cos0° = 3.78 x 107° J 


F=| 135x104 N 


1- Dt _ 135x107 N 
m 91110! kg 


() | XFema; -|148x10*5 m/s? 


(d ^ Oy =0y+a,f 288x107 m/s-0- (L48x10' m/s?) 


t2|194x10^? s 
1 
Check: Xr = Xi *3os T oy Jt 


0.028 m - 0-4 5(0 +2.88 x10" m/s)t 


t-194x10? s 
Section 7.7 Situations Involving Kinetic Friction 
P7.31 DF, =ma,: n-392N-0 n 
n=392N F=130N 
— 
fr = un = (0.300)(392 N) 2118 N f or ie 
mx |— 
(a) Wp = FAr cos0 = (130)(5.00)cos0? =| 650 J l | mg = 392 N 
Ar = 5.00 m > 
(b) AE, = fr Ax = (118)(5.00) =| 588 J 
FIG. P7.31 


(c) W, =nAr cos = (392)(5.00) cos 90° = 


[e] 


(d) W, = mgAr cos = (392)(5.00)cos(—90°) =| 0 


(e) AK =K; -K; zo Ws — AE int 


=m} 0 = 650 J-588 J+ 0+0=| 62.0J 


2K,  |2(62.0]) 
(f o= m ADe 1.76 m/s 


P7.32 


P7.33 


P7.34 


(a) 


(b) 


(a) 


(b) 


(d) 


(e) 


S 1 


W, = mv; =o? = mo? 0 


S 


1 
2 
1 
2 


a are, ee | -2M 4 
hd - ej 5 (600) (5.00 x 10 J -0=0.625 J 


791 m/s 


M D 2(0.625) 
m/s =| 0. 
2.00 


— fu Ax+W, -mj 


0 — (0.350)(2.00)(9.80)(0.050 0) J + 0.625 J = im? 


0.282 J=— (2, 00 kg)v? 


2(0.282) 
Uf = 
2.00 


m/s =] 0.531 m/s 


W, = mg cos(90.0°+6) 


=(10.0 kg)(9.80 m/s”)(5.00 m)cos110°= 


fk = Man = uymg cos 
AE int = fft = lLupmg cos 0 


AE;nt = (5.00 m)(0.400)(10.0)(9.80) cos 20.0°= 


Wp = Ft =(100)(5.00) =| 500 J 


-168 J 


184] 


AK = Xw, other ^ AEg = We +W, — AE; 


int — 


148] 


AK -3Tm; -imo 


pE Ps +0? - pass + (150)? =] 5.65 m/s 


10.0 


XF, -ma, nt (70.0 N) sin 20.0°-147 N =0 


(a) 


(d) 


(e) 


n=123N 
fy = un = 0.300(123 N) = 36.9 N 


W = FAr cos 0 = (70.0 N)(5.00 m) cos 20.0° = 


W = FAr cos0 = (123 N)(5.00 m)cos 90.0° = 


W = FAr cos0 = (147 N)(5.00 m)cos 90.0° = 


AE in: = FAx = (36.9 N)(5.00 m) =| 185 J 


AK =K, - Ki = 3W - AE, = 329 J-185 J = 


+144] 
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k=500 N/m 


FIG. P7.33 


x (70 N) sin 20? 
=—> (70 N) cos 20° 


. mg-147N 
Ar — 5.00m > 


FIG. P7.34 


202 Energy and Energy Transfer 


P7.35 v; =2.00 m/s Lj — 0.100 
1 
Ki- fkAx + Wage = Ky: 5 moi - f,Ax -0 
2 — (200 m/s)" 

d i e MAE a i ur ( /s) =| 204m 

2 2Au,g —2(0.100)(9.80) 
Section 7.8 Power 

K 2 0875 kg(0.620 m/s)” 
^ E amus gl - s) _reorw 
At 2At 2(21x10 s) 
h (7 10. 
P737 Power- T a PNA o 
t t 8.00 s 

P7.38 A 1 300-kg car speeds up from rest to 55.0 mi/h = 24.6 m/s in 15.0 s. The output work of the engine is 

equal to its final kinetic energy, 

s(t 300 kg)(24.6 m/s)” =390 kJ 
with power ? = ~10* W | around 30 horsepower. 
Os 
P7.39 (a) $ W = AK, but AK =0 because he moves at constant speed. The skier rises a vertical 
distance of (60.0 m)sin30.0° = 30.0 m. Thus, 
Win 2-W, =(70.0 kg)(9.8 m/s*)(30.0 m) =| 2.06 x 10^ J |=[ 20.6 K |. 
(b) The time to travel 60.0 m at a constant speed of 2.00 m/s is 30.0 s. Thus, 
4 
d sero eI erage OS IU fus 
EU At 30.0s 

P7.40 (a) The distance moved upward in the first 3.00 s is 


(b) 


17 
Dien > D * (3.00 s) = 2.63 m. 


Ay =dt = | 
The motor and the earth’s gravity do work on the elevator car: 


1 1 
z" + W notor + MgAy cos 180° = "m; 


Wr 5 (650 kg)(1.75 m/s)” -0+ (650 kg)g(2.63 m) 2 177 x 10* J 
4 
Also, W - 7t so P= = 177 x10 J 59140? W |-792 hp. 
t  3.00s 


When moving upward at constant speed (v =1.75 m/s) the applied force equals the 


weight = (650 kg)(9.80 m/s”) =6.37 x 10° N. Therefore, 


9 =Fo=(6.37x10° N\(1.75 m/s) =| 111x10* W |= 149 hp. 
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P7.41 energy = power x time 
For the 28.0 W bulb: 
Energy used = (28.0 W)(1.00 x 10^ h) = 280 kilowatt - hrs 
total cost = $17.00 + (280 kWh)($0.080/kWh) = $39.40 
For the 100 W bulb: 
Energy used = (100 W)(1.00 x 10* h) = 1.00 10? kilowatt- hrs 
4 
# bulb used = oa 13.3 
750 h/bulb 
total cost = 13.3($0.420) + (1.00 x 10° kWh)($0.080/kWh) = $85.60 
Savings with energy-efficient bulb = $85.60 — $39.40 =| $46.20 
454 4186 
*P7.42 (a) Burning 1 lb of fat releases energy 1 |b ga Enos J|. 11x10" J. 
11b 1g 1 kcal 
The mechanical energy output is (1.71 x 107 J)(0.20) =nFAr cos 0. 
Then 3.42 x 10° J = nmgAy cos 0? 
3.42 x 10° J=n(50 kg)(9.8 m/s? (80 steps)(0.150 m) 
3.42 x 10° J=n(5.88 x 10° J) 
6 
where the number of times she must climb the steps is n = a =| 582 |. 
5.88 x 10° J 
This method is impractical compared to limiting food intake. 
(b) Her mechanical power output is 
2 lh 
go OO T S SW, se)5wW| P. IL rooT RP. 
t 65s 746 W 
; 8 
*P7.43 (a) The fuel economy for walking is E mi) feel) L OTI 423 mi/gal |. 
220 kcal\ h /\ 4186J 1 gal 


(b) For bicycling 


1h (2 mi) 1 kcal \ 1.30 x 10° J 
400 kcal\ h 4186J 1 gal 


776 mi/gal |. 
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P7.44 At a speed of 26.8 m/s (60.0 mph), the car described in Table 7.2 delivers a power of 4 218.3 KW to 
the wheels. If an additional load of 350 kg is added to the car, a larger output power of 


P, =} + (power input to move 350 kg at speed v) 
will be required. The additional power output needed to move 350 kg at speed v is: 
Asta -(Af)o = (u,mg)o. 


Assuming a coefficient of rolling friction of u, = 0.016 0, the power output now needed from the 
engine is 


B = B + (0.016 0)(350 kg)(9.80 m/s? (26.8 m/s) 2 18.3 kW +1.47 kW. 
8 


With the assumption of constant efficiency of the engine, the input power must increase by the 
same factor as the output power. Thus, the fuel economy must decrease by this factor: 


(fuel economy), = (3 isa economy), = (sage tgp eo km/L) 
or (fuel economy), =| 5.92 km/L |. 
imo -lmo? imvj-0 


P7.45 (a) fuel needed = 


useful energy per gallon H eff.x(energy content of fuel) 


1(900 kg)(24.6 m/s)” 
= 2000 19286 T gal 
(0.150)(1.34x10° J/gal) 


(b) 73.8 


(à Spec A (Femi) 1.00 h \1.34x10° J (0.150) = 808 KW 
p 38.0 mi | 1.00h (3600s | ga | 


Additional Problems 


P7.46  Atstart, v = (40.0 m/s)cos30.0°i + (40.0 m/s)sin30.0° j 


At apex, v = (40.0 m/s)cos30.0°i + 0j = (34.6 m/s)i 


And K= m = — (0.150 kg)(34.6 m/s)” - [90.0] 


1 
2 


P7.47 Concentration of Energy output = (0.600 J/kg -step)(60.0 «ei 


P748 (a) 


(b) 


P749 (a) 


(b) 


(c) 


(d) 


Chapter 7 


1 step 
1.50 m 


=24.0 J/m 


F =(24.0 J/m)(1 N:m/J) 2240 N 
9 = Fo 

70.0 W = (24.0 N)o 

v=| 2.92 m/s 


A-i-(A)(1)cosa. But also, A-i- A,. 


A 

Thus, (A)1)cosa = A, or | cosa = A : 

Ay 
Similarly, cos f = — 

A 

A 
and cos y = —- 

de 

where A-z4A2-A)-Al. 


2 A 2 2 2 
cos? ace cos? p +-cos* y =| £x) 4 : (5 oe =1 


A A A A? 
x-t4 2.00 
Therefore, 
E goi? 
dt 
bu *(4,00)(1 +6.0017) =| (2.00+ 24.087 + 72.06%) J 
2 2 
do 5 
a=—=| (12.0t) m/s 
gr 7 0200) m/ 


F = ma = 400(12.02) =| (48.0#) N 


9 = Fo =(48.08)(1 + 6.00t7) =| (48.0¢ + 288?) W 


2.00 2.00 
W= [aut J (48.08 + 288¢° Jat = 1250] 
0 0 
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*P7.50 (a) We write 


F=ax? 


1000 N =a(0.129 m)’ 
5 000 N =a(0.315 m)" 


b 
5-(258) 258 
0.129 
In5 = bln 2.44 
EEE 
In 2.44 
Se 4.01x 104 N/m!? =a 
(0.129 m)" 
0.25 m 0.25 m N 
(b W= fFdx= | 401x10' a x! dx 
0 0 
2.8 |9-25 m 2.8 
2 
-401x10* ~~~] =4.01x104 SE 
m" 28]. mti 2.8 
-[294] 


*P7.51 The work done by the applied force is 


f X max 
W= | Fapptiead* = J Ts ra? )e 
i 0 
Xmax Xmax Xmax Xmax 
= Jhxdre |E,xMx-k H +k, 
ji A 2 3 
0 0 
2 3 
x x 
zs k max d k max 
UE M 


P7.52 (a) The work done by the traveler is mgh,N where N is the number of steps he climbs during 


the ride. 
N = (time on escalator) (n) 
; h 
where (time on escalator) = - - 
vertical velocity of person 
and vertical velocity of person = v+nh, 
Then, N= it 
v nh, 

mgnhh, 
and the work done by the person becomes Wyerson = 

v+nh, 


continued on next page 


(b) 


P7.53 (a) 


(b) 


Chapter 7 


The work done by the escalator is 


W, =(power)(time) = [(force exerted)(speed)(time)] -mgot 


where t= s as above. 
o nh, 
h 
Thus, W, = ae 
v+nh, 


As a check, the total work done on the person’s body must add up to mgh, the work an 
elevator would do in lifting him. 


hh h h(nh, + 
It does add up as follows: YWzZW ss MSIE N ony SUE, 2088 hee) 


v+nh, vu+nh, v nh, 


AK - m? -0- Y W,so 


giu aque UE 
m m 


W 
d 


W=F.d=Fd>F, = 


207 


mgh 


*P7.54 During its whole motion from y = 10.0 m to y = -3.20 mm, the force of gravity and the force of the 
plate do work on the ball. It starts and ends at rest 


P7.55 (a) 


(b) 


K; T Zw = Ky 
0+ F,Aycos0°+F,,Ax cos 180° = 0 
mg(10.003 2 m) - F,,(0.003 20 m)=0 
5 kg(9.8 m/s? (10 m) 
MEL CLISCLE 


1.53x 10? N upward 


, 3.2x10? m 
2 
= Fo- Fs eat) - r[o* Ei) E ) 
m m 


(20.0 N)? 
5.00 kg 


P= 


(3.00 s) =| 240 W 
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f Xi tXq 
*P7.56 (a) Wi -[Rdx- jx d= ky [ea +r) -xi]- h(a +2x,Xi1] 
i Xi 
is 1 2 1 
(b) W, = [ox dx = traz +x,) =i | = zs - 2x,xi3) 
—*Xi 
(c) Before the horizontal force is applied, the springs exert equal forces: kx; = k;xj; 
Xi = e. 
2 


a^il 


(d) W; +W, = jux tkxax even - kX Xin 


Eu: 


2 


T B + k;)xz 


*P757 (a) v= js dt = je 0.2117 -- 0.242 at 


t? p ir 
116 3 0.21 3 +0.24 " = 0.58t7 - 0.07? + 0.06t* 
0 


Att=0,0;=0.Att=25s, 


v, =(0.58 m/s*)(2.5 s)? -(0.07 m/s*)(2.5 s)? «(0.06 m/s? (2.5 s)* - 488 m/s 
K;+W=K; 


0+W= im? = jl 160 kg(488 m/s)” -|1.38x10*J 


(D Att=25s, 


a - (116 m/s?)2.5 s- (0210 m/s*)(2.5 s)? « (0240 m/s? (2:5 s)? 25.34 ny's?. 
Through the axles the wheels exert on the chassis force 
> F =ma=1160 kg 5.34 m/s? 2619x10? N 


and inject power 


$-Fo-2619x10? N(4.88 m/s) =| 3.02 x 10* W |. 


P7.58 


*P7.59 


Chapter 7 


(a) The new length of each spring is Vx? +L? , so its extension is 
x? +L? — L and the force it exerts is iV? TUE L) toward its 


fixed end. The y components of the two spring forces add to 
zero. Their x components add to 


F= -â Vx? +P Em zt L | | FIG. P7.58 


Vx? +I 


f 0 
L 
(b) W = | E,dx W= 21 Jo 
J Vx? +L? 
0 
0 0 , 210 x24? 1/2 
W - -2k [x dx --kL f(x? « 12) 2x dx dresse ee 
A A 2 A (1/2) 
A 
W 2-04 kA? + 2kI? - 2kL4 A? + L? w =| 2kL? + kA? SOK A? +L? | 


For the rocket falling at terminal speed we have 


> F=ma 


+R-Mg=0 
Mg =DpAv} 


(a) For the rocket with engine exerting thrust T and flying up at the same speed, 


> F=ma 
4T- Mg- R-0 
T-2Mg 


The engine power is ? = Fo = Tvr =| 2Mgvrz |. 


(b) For the rocket with engine exerting thrust T, and flying down steadily at 3v7, 
R,- = DpA(3vr) -9Mg 


$ F=ma 
-T, -Mg +9Mg =0 
T, =8Mg 


The engine power is ? = Tv = 8Mg3v, =| 24Mgvz |. 
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P7.60 (a) F, = (25.0 N)(cos35.0*1 + sin35.0*j) =| (20.5 +14.3j) N 


F, - (42.0 N)(cos150°i + sin 150° j) =| (-36.4i + 21.0j) N 


(b) | OY F=F, +F, =| (-15.91+35.3j) N 


() a ->F (-3.181+7.07}) m/s? 


(d) vp =v, tat=(4.00i + 2.50j) m/s+(-3.18i +7.07}}(m/s”)(3.00 s) 


v; =| (5.541 237) m/s | 


1 
(e) ry sn +vit+ Sat” 


ry =0 + (4.001 + 2.50})(m/s)(3.00 s) + 5(-3.18i *7.07j (m/s? 3.00 s)? 


Ar=r; - (230i 393j) m | 


1 


(0 — K,-;mj- + (5.00 kg)[(5.54)? + 237) m/s?) - [148 kJ 


(g) Ky= mo} «Yr 


K,- (5.00 kg)|(4.00)” + (2.50)? (m/s)? + [(=15.9 N)(-2.30 m) + (35.3 N)(39.3 m)] 


K ; =55.6 J +1 426 J =| 1.48 KJ 


P7.61 (a) YWeAK: W, +W, =0 
je —0 + mgAx cos(909--609) = 0 
1 
2 
Ax =| 4.12 m 


(1.40 x10° N/m) x (0.100) — (0.200)(9.80)(sin 60.0°)Ax = 0 


(b) È WS=AK+AEm:  W,+W, -AEn = 0 


je + mgAx cos150?- u mg cos 60? Ax = 0 


g (a x10? N/m) x (0.100)? — (0.200)(9.80)(sin 60.0?) Ax — (0.200)(9.80)(0.400)(cos 60.09) Ax = 0 


Ax =| 335m 
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P7.62 ^ (a) F(N) L(mm) F(N) L(mm) F (N) 
200 150 140 112 2 quu 
400 320 160 126 lt ee 
6.00 490 180 149 hee SN RN 
800 640 200 175 Ole 1 i piii] 
100 790 220 190 EE vn 100.200 
120 980 
FIG. P7.62 


(b) A straight line fits the first eight points, together with the origin. By least-square fitting, its 
slope is 


0.125 N/mmz 226 =| 125 N/m |+2% 


F 
In F = kx, the spring constant is k =—, the same as the slope of the F-versus-x graph. 
x 


() ^ F-kx-(125 N/m)(0.105 m) - | 131 N 


P7.63 K; - W, +W, - Kj 


: mo; + : kx? : kx‘ +mgAxcos 0=~mv? 
2 2 2 


2 
0+ > kx? —~0+mgx; cos100°= 7v] FIG. P7.63 
> (1.20 N/cm)(5.00 cm)(0.050 0 m) — (0.100 kg)(9.80 m/s? (0.050 0 m)sin10.0°= 5 (0100 kg)? 


0.150 J-8.51x 10? J = (0.050 0 kg)o? 


v= DARE =| 1.68 m/s 
0.050 0 


P7.64 (a AE, =-AK= (03 v; : AE, = — (0.400 kg)((6.00)” - (8.00)? (m/s) =[ 5.60 J 


(b AE, = fAr = uymg(2ar): 5.60 J = 4,(0.400 kg)(9.80 m/s?)2(1.50 m) 
Thus, My =| 0.152 |. 
(c) After N revolutions, the object comes to rest and K f= 0. 
Thus, AE int = -AK = -0 Kj; : mo? 
or uymg[N(2ar)]= ~mo?. 
2 
This gives ium 21800 ms) 2.28 rev |. 


 ugmg(2m) (0.152)(9.80 m/s*)2(1.50 m) - 
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P7.65 


P7.66 


P7.67 


If positive F represents an outward force, (same as direction as r), then 


f r 
W= JF -dr = Jhor” = Ror” Jar 


f L6 


7 2p o r” Fo'r“ di 
-12 -6 


W 


fi 


SA -n?) n iuh zu) E he [r n] ho” [;" | 


-7|.-6 -6 —134| ,, —12 -12 
W =1.03 x107 [176 -r4 |-1.89 x10 [7 ? = 7; 7] 


W =1.03 x107 [1.88 x10 —2.44 x 10$ jo% -1.89 x 10 [3.54 x 10712 — 5,96 x 109 jo” 


W =-2.49 x10" J+1.12x10”" J=| -1.37 x10” J 


Amu? 
8M =W = AK = army 
A A 
The density is p= lea 
vol AAx 
Substituting this into the first equation and solving for ?, since — =v, 
At FIG. P7.66 
A 3 
for a constant speed, we get P= Lc : 
2 
Also, since ? = Fu, F- BT. : 


Our model predicts the same proportionalities as the empirical equation, and gives D =1 for the 
drag coefficient. Air actually slips around the moving object, instead of accumulating in front of it. 
For this reason, the drag coefficient is not necessarily unity. It is typically less than one for a 
streamlined object and can be greater than one if the airflow around the object is complicated. 


237 
We evaluate CL by calculating 


128 x? +3.75x 


375(0100) — — 37500100 375(0.100) 


: : us 5 = 0.806 
(12.8)? +3.75(12.8) (12.9)? +3.75(12.9) ^ (23.6) +3.75(23.6) 


and 


375(0100) —  — 3750100 —— 375(0.100) 
(12.9)? +3.75(12.9) (13.0) +3.75(13.0) ` (237) +3.75(23.7) — 


The answer must be between these two values. We may find it more precisely by using a value for 
Ax smaller than 0.100. Thus, we find the integral to be | 0.799 N-m |. 


*P7.68 


P7.69 


*P7.70 


(a) 


(b) 


(a) 


Chapter 7 
1 
P? =—Dpar*v? 
rae 
1 3 2 3 3 
D -g1(120 kg/m? ]z(1.5 m) (8 m/s) =| 247x10? W 
P, 3 (24 m/s j 
sp (ume coo 
o Ur 8 m/s 
R = 27(217 x10? W) =| 586 x 10* W 
The suggested equation “At = bwd implies all of the v — constant 
following cases: 
w At w 
1  sSMt-b|— (2d 2 P| —|=b| — jd 
(1) (2o o «xe 


(b) 


(a) 


(b) 


AE) d P\ fw 
(3 g (5+) =m) and (4) (zu - (2) 


These are all of the proportionalities Aristotle lists. 


FIG. P7.69 


For one example, consider a horizontal force F pushing an object of weight w at constant 
velocity across a horizontal floor with which the object has coefficient of friction y}. 


Y F = ma implies that: 
+n-w=0 and F-u,n-0 
so that F = uw 
As the object moves a distance d, the agent exerting the force does work 


W = Fd cos 0 = Fd cos0° = u,wd and puts out power ? = M 


This yields the equation “At = wd which represents Aristotle's theory with b = ug. 
Our theory is more general than Aristotle's. Ours can also describe accelerated motion. 


So long as the spring force is greater than the friction force, 
the block will be gaining speed. The block slows down when 
the friction force becomes the greater. It has maximum 
speed when kx, — f, =ma=0. 


(10x10? N/m)x, -40 N 20 x--40x10? m 


By the same logic, 


FIG. P7.70 


(10x10? N/m)x, -10.0 N=0 x--10x10? m 
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ANSWERS TO EVEN PROBLEMS 


P7.2 


P7.4 


P7.6 


P7.8 


P7.10 


P7.12 


P7.14 


P7.16 


P7.18 


P7.20 


P7.22 


P7.24 


P7.26 


P7.28 


P7.30 


P7.32 


P7.34 


P7.36 


P7.38 


P7.40 


P7.42 


1.59 x 10° J 

(a) 3.28 x 107 J; (b) -3.28 x 107 J 
see the solution 

5.33 W 

16.0 

(a) see the solution; (b) -12.0] 

50.07 

(a) 575 N/m; (b) 46.0] 

(a) 9.00 kj; (b) 11.7 kJ, larger by 29.6% 


(a) see the solution; (b) mgR 


-1 
mg mg. 1 1 
oF Aer 


(a) 1.20 J; (b) 5.00 m/s; (c) 6.30] 
(a) 60.0 J; (b) 60.0 J 
(a) 1.94 m/s; (b) 3.35 m/s; (c) 3.87 m/s 


(a) 3.78x10 76 J; (b) 135x104 N; 
(c) 1.48 x 10*!° m/s? ; (d) 1.94 ns 


(a) 0.791 m/s; (b) 0.531 m/s 

(a) 329 J; (b) 0; (c) 0; (d) 185 J; (e) 144] 
801W 

~10* W 

(a) 5.91 kW; (b) 11.1 kW 


No. (a) 582; (b) 90.5 W = 0.121 hp 


P7.44 


P7.46 


P7.48 


P7.50 


P7.52 


P7.54 


P7.56 


P7.58 


P7.60 


P7.62 


P7.64 


P7.66 


P7.68 


P7.70 


5.92 km/L 


90.0 J 


A, Ay A, 
a) COSQ =——, COS D = —-; COSY = —; 
ey OS = Bry pe 


(b) see the solution 
40.1 kN 


(a) a= "eis b — 1.80; (b) 294] 


menhh mevoh 
(a) g ND ) gU. 


v+nh, ^ v+nh, 
1.53 x 10° N upward 


see the solution 


(a) see the solution; 

(b) 2kI? + kA? - 2kL4 A? +L? 

(a) F, - (20.51 «143j) N; 

F, =(-36.4i + 210j) N; 

(b) (-15.91 «353j) N; 

(c) (3181 « 7.075) m/s”; 

(d) (-5.54i + 23.7) m/s; 

(e) (-2.30i + 39.3}) m; (£) 1.48 KJ; (g) 1.48 KJ 


(a) see the solution; (b) 125 N/m 2%; 
(c) 13.1 N 


(a) 5.60 J; (b) 0.152; (c) 2.28 rev 
see the solution 
(a) 2.17 kW; (b) 58.6 kW 


(a) x = -4.0 mm; (b) -1.0 cm 


Q8.5 


Q8.6 


Q8.2 


Q8.3 


Potential Energy 


ANSWERS TO QUESTIONS 


The final speed of the children will not depend on the slide 
length or the presence of bumps if there is no friction. If there is 
friction, a longer slide will result in a lower final speed. Bumps 
will have the same effect as they effectively lengthen the 
distance over which friction can do work, to decrease the total 
mechanical energy of the children. 


Total energy is the sum of kinetic and potential energies. 
Potential energy can be negative, so the sum of kinetic plus 
potential can also be negative. 


Both agree on the change in potential energy, and the kinetic 
energy. They may disagree on the value of gravitational 
potential energy, depending on their choice of a zero point. 


(a) mgh is provided by the muscles. 


(b) No further energy is supplied to the object-Earth system, but some chemical energy must be 
supplied to the muscles as they keep the weight aloft. 


(c) The object loses energy mgh, giving it back to the muscles, where most of it becomes internal 


energy. 


Lift a book from a low shelf to place it on a high shelf. The net change in its kinetic energy is zero, 
but the book-Earth system increases in gravitational potential energy. Stretch a rubber band to 
encompass the ends of a ruler. It increases in elastic energy. Rub your hands together or let a pearl 
drift down at constant speed in a bottle of shampoo. Each system (two hands; pearl and shampoo) 


increases in internal energy. 


Three potential energy terms will appear in the expression of total mechanical energy, one for each 
conservative force. If you write an equation with initial energy on one side and final energy on the 
other, the equation contains six potential-energy terms. 
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Q8.7 


Q8.8 


Q8.9 


Q8.10 


Q8.11 


Q8.12 


Q8.13 


Q8.14 


Q8.15 


Q8.16 


Q8.17 


(a) It does if it makes the object's speed change, but not if it only makes the direction of the 
velocity change. 


(b) Yes, according to Newton's second law. 


The original kinetic energy of the skidding can be degraded into kinetic energy of random molecular 
motion in the tires and the road: it is internal energy. If the brakes are used properly, the same 
energy appears as internal energy in the brake shoes and drums. 


All the energy is supplied by foodstuffs that gained their energy from the sun. 


Elastic potential energy of plates under stress plus gravitational energy is released when the plates 
"slip". It is carried away by mechanical waves. 


The total energy of the ball-Earth system is conserved. Since the system initially has gravitational 
energy mgh and no kinetic energy, the ball will again have zero kinetic energy when it returns to its 
original position. Air resistance will cause the ball to come back to a point slightly below its initial 
position. On the other hand, if anyone gives a forward push to the ball anywhere along its path, the 
demonstrator will have to duck. 


Using switchbacks requires no less work, as it does not change the change in potential energy from 
top to bottom. It does, however, require less force (of static friction on the rolling drive wheels of a 
car) to propel the car up the gentler slope. Less power is required if the work can be done over a 
longer period of time. 


There is no work done since there is no change in kinetic energy. In this case, air resistance must be 
negligible since the acceleration is zero. 


There is no violation. Choose the book as the system. You did work and the earth did work on the 
book. The average force you exerted just counterbalanced the weight of the book. The total work on 
the book is zero, and is equal to its overall change in kinetic energy. 


Kinetic energy is greatest at the starting point. Gravitational energy is a maximum at the top of the 
flight of the ball. 


Gravitational energy is proportional to mass, so it doubles. 
In stirring cake batter and in weightlifting, your body returns to the same conformation after each 


stroke. During each stroke chemical energy is irreversibly converted into output work (and internal 
energy). This observation proves that muscular forces are nonconservative. 


Q8.18 


Q8.19 


Q8.20 


Q8.21 


Q8.22 


Q8.23 
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Let the gravitational energy be zero at the lowest point in the (D s 
motion. If you start the vibration by pushing down on the block (2), K 

its kinetic energy becomes extra elastic potential energy in the e 
spring (LI. ). After the block starts moving up at its lower turning o/H 


point (3), this energy becomes both kinetic energy (K) and 
gravitational potential energy (U g ), and then just gravitational 


x 


8 
Us 


energy when the block is at its greatest height (1). The energy then 
turns back into kinetic and elastic potential energy, and the cycle 
repeats. 


FIG. Q8.18 


(a) Kinetic energy of the running athlete is transformed into elastic potential energy of the bent 
pole. This potential energy is transformed to a combination of kinetic energy and 
gravitational potential energy of the athlete and pole as the athlete approaches the bar. The 
energy is then all gravitational potential of the pole and the athlete as the athlete hopefully 
clears the bar. This potential energy then turns to kinetic energy as the athlete and pole fall 
to the ground. It immediately becomes internal energy as their macroscopic motion stops. 


(b) Rotational kinetic energy of the athlete and shot is transformed into translational kinetic 
energy of the shot. As the shot goes through its trajectory as a projectile, the kinetic energy 
turns to a mix of kinetic and gravitational potential. The energy becomes internal energy as 
the shot comes to rest. 


(c) Kinetic energy of the running athlete is transformed to a mix of kinetic and gravitational 
potential as the athlete becomes projectile going over a bar. This energy turns back into 
kinetic as the athlete falls down, and becomes internal energy as he stops on the ground. 


The ultimate source of energy for all of these sports is the sun. See question 9. 


Chemical energy in the fuel turns into internal energy as the fuel burns. Most of this leaves the car 
by heat through the walls of the engine and by matter transfer in the exhaust gases. Some leaves the 
system of fuel by work done to push down the piston. Of this work, a little results in internal energy 
in the bearings and gears, but most becomes work done on the air to push it aside. The work on the 
air immediately turns into internal energy in the air. If you use the windshield wipers, you take 
energy from the crankshaft and turn it into extra internal energy in the glass and wiper blades and 
wiper-motor coils. If you turn on the air conditioner, your end effect is to put extra energy out into 
the surroundings. You must apply the brakes at the end of your trip. As soon as the sound of the 
engine has died away, all you have to show for it is thermal pollution. 


A graph of potential energy versus position is a straight horizontal line for a particle in neutral 
equilibrium. The graph represents a constant function. 


The ball is in neutral equilibrium. 


The ball is in stable equilibrium when it is directly below the pivot point. The ballis in unstable 
equilibrium when it is vertically above the pivot. 
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SOLUTIONS TO PROBLEMS 


Section 8.1 Potential Energy of a System 
P8.1 (a) With our choice for the zero level for potential energy when the car A 
is at point B, A 40.0? 
Us =0 |. Y 135 tt 


When the car is at point A, the potential energy of the car-Earth Met Ll 


tem is given b 
system is given by iG. Pa 
Ua =mgy 
where y is the vertical height above zero level. With 135 ft = 41.1 m, this height is found as: 
y = (41.1 m)sin 40.0°= 26.4 m. 


Thus, 


U, - (1000 kg)(9.80 m/s? (264 m) =| 259 x 10° J]. 


The change in potential energy as the car moves from A to B is 


Ug —U, =0-2.59 x 10° J=| -2.59 x10? J |. 


(b) With our choice of the zero level when the car is at point A, we have | U, =0 |. The potential 


energy when the car is at point B is given by Ug = mgy where y is the vertical distance of 
point B below point A. In part (a), we found the magnitude of this distance to be 26.5 m. 
Because this distance is now below the zero reference level, itis a negative number. 


Thus, 


Us - (1000 kg)(9.80 m/s*)(-26.5 m) =| 2.59 10? J |. 


The change in potential energy when the car moves from A to B is 


Ug -U, =-2.59 x 10° J-0 =| -2.59 x 10? J |. 
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P8.2 (a) We take the zero configuration of system Y/ yy 
potential energy with the child at the 
lowest point of the arc. When the string hy Kk 
is held horizontal initially, the initial 
position is 2.00 m above the zero level. 
Thus, / 
2.00m j (2.00 m) cos 30.0° 
U, =mgy = (400 N)(2.00 m) =| 800 J |. / 
M 
(b) From the sketch, we see that at an angle sl (2.00 m)(1- cos 30.0°) 
of 30.0° the child is at a vertical height of Á 
(2.00 m)(1— cos 30.0°) above the lowest 
point of the arc. Thus, FIG. P8.2 
U, =mgy = (400 N)(2.00 m)(1 - cos 30.0°) =| 107 J |. 
(c) The zero level has been selected at the lowest point of the arc. Therefore, | LI, =0 | at this 
location. 
*P8.3 The volume flow rate is the volume of water going over the falls each second: 
3 m(0.5 m)(1.2 m/s) - 18 m?/s 
The mass flow rate is = = p~ =(1000 kg/m? (1.8 m?/s) - 1800 kg/s 
If the stream has uniform width and depth, the speed of the water below the falls is the same as the 
speed above the falls. Then no kinetic energy, but only gravitational energy is available for 
conversion into internal and electric energy. 
The input power is 4, — S = a = " gy - (1800 kg/s)(9.8 m/s? 5 m)-8.82x10^ J/s 
The output power is 2.061 = (efficiency), = 0.25(8.82 x10* w) =| 2.20 x104 W 
The efficiency of electric generation at Hoover Dam is about 85%, with a head of water (vertical 
drop) of 174 m. Intensive research is underway to improve the efficiency of low head generators. 
Section 8.2 The Isolated System—Conservation of Mechanical Energy 
*P8.4 (a) One child in one jump converts chemical energy into mechanical energy in the amount that 


her body has as gravitational energy at the top of her jump: 
mgy = 36 kg(9.81 m/s? \(0.25 m) = 88.3 J. For all of the jumps of the children the energy is 


12(1.05 x 10° }88.3 J=/ 111x109 J]. 


(b) The seismic energy is modeled as E= itl x10? J=1.11x10° J, making the Richter 


logE-48 log111x10°-48 5.05-4.8 _ 
15 15 


magnitude 0.2 |. 
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P8.5 


P8.6 


*P8.7 


Potential Energy 


U; +K; =U; «Kg: mgh-+0=mg(2R) +5 mv? 


g(3.50R) = 2g(R) + Lo 


v? v? 
> F=m—: n+mg=m— 
R 


R 
2 
U 3.00gR 
= -g |= 2.00 
n "| s" 1 Zl n s] mg 


n = 2.00(5.00 x 10? kg)(9.80 m/s?) 


=| 0.098 0 N downward | 


From leaving ground to the highest point, K;+U; =K; +U; 


n 
mg 


FIG. P8.5 


Zm(6.00 m/s) +0 =0+m(9.80 m/s?)y 


(6.00 m/s)” 


The mass makes no difference: SyS 7 
(2)(9.80 m/s ) 


d acti i-o ae 2 

“+> kxf -—muv;-4—kx 

(a) a EG Ur z% 
0 +5 (10 N/m)(-0.18 m)? = 5(045 kg)o? +0 


10 N 1kg:m 
=(0.18 =| 1.47 
0 =(018 (08 82) - rr is 


0 «0 N/m)(-0.18 m)? = ; (5 kg)v? 


+5 (10 N/m)(0.25 m - 0.18 m)? 


0.162] = Z015 kg)o; + 0.0245 J 


— [2(0.138 J) _ 
Up= Qi5kg 1.35 m/s 


1.84m 


vvvv 


DUTCH 
m NL final 


vv v 


o» BOO" sa 


FIG. P8.7 


*P8.8 


*P8.9 


P8.10 
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The energy of the car is E = ne -mgy 


E- Qn - mgdsin @ where d is the distance it has moved along the track. 


dE do : 
du ceu mgv sin 8 


(a) 


(b) 


(c) 


(a) 


(b) 


dt 


When speed is constant, 


9 - mgosin6 = 950 kg(9.80 m/s? (2.20 m/s)sin30°=| L02x10* W 


do -— 2.2 m/s- 0 
dt 12s 
Maximum power is injected just before maximum speed is attained: 


P= mva +mgosin = 950 kg(2.2 m/s)(0.183 m/s?) +1.02x10* W=|1.06x10* W 


= 0.183 m/s? 


At the top end, 
Zm? + mgd sin 0 = 950 kel 5 (2.20 m/s)” « (9.80 m/s?) 250 msin30 =| 5.82 10° J 


Energy of the object-Earth system is conserved as the object moves between the release 
point and the lowest point. We choose to measure heights from y =0 at the top end of the 
string. 


(K«u,), =(K+U,) O+ mgy, - mo] + mgy, 


FÉ 
(9.8 m/s? -2 mcos 30°) = iU «(9.8 m/s? (2 m) 


7 = (s m/s?)(2 m)(1-cos30°) - [2:29 m/s 


Choose the initial point at 0 = 30° and the final point at 0 =15°: 


0+mg(—Lcos30°) = nj 4 mg(—L cos15?) 


v= J28L(cos15*- cos30?) = J298 m/s? 2 m)(cos15°— cos 30°) =| 1.98 m/s 


Choose the zero point of gravitational potential energy of the object-spring-Earth system as the 
configuration in which the object comes to rest. Then because the incline is frictionless, we have 


Eg =E,: 
Kg *U, tU, -K, tU, +UA 
or 0+ mg(d+x)sind+0=0+0+—kx°. 
2 
Solving for d gives d= UE MN 
amg sin @ 
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P8.11 From conservation of energy for the block-spring-Earth system, 


U » =U; 


or 


(0.250 kg)(9.80 m/s*)h = B 000 N/m)(0.100 m)? 


This gives a maximum height h =| 10.2 m |. 


P8.12 (a) The force needed to hang on is equal to the force F the 
trapeze bar exerts on the performer. 


From the free-body diagram for the performer's body, as 
shown, 


2 
F-mgcosó - m ^ 


or 


F -mgcosó « m^- 


FIG. P8.12 


Apply conservation of mechanical energy of the performer-Earth system as the performer 


moves between the starting point and any later point: 


mg(/ — (cos0;)— mg — t cos6) - mo? 


2 
Solve for a and substitute into the force equation to obtain F = 


(b) At the bottom of the swing, 0 — 0? so 


F - mg(3 - 2cos0;) 
F = 2mg = mg(3 - 2cos0,) 


which gives 


0, =| 60.0° ]. 


mg(3cos 0 — 2cos6;) |. 
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P8.13 Using conservation of energy for the system of the Earth and the two objects 


(a) (5.00 kg)g(4.00 m) = (3.00 kg) ¢(4.00 m) «600 4 3.00)? 


v = 419.6 =| 443 m/s 


Wo = 
(b) Now we apply conservation of energy for the system of the 3.00 kg 3.00 kg 
object and the Earth during the time interval between the instant 
when the string goes slack and the instant at which the 3.00 kg 
object reaches its highest position in its free fall. 


j FIG. P8.13 
5 (3.00)0* = mg Ay = 3.00 gAy 
Ay =1.00 m 
V max = 400 m+ Ay =| 5.00 m 
P8.14 mı >m, 
1 2 
(a) mygh= (m +m )o" +m gh 
a 2(m, — m; )gh 
(m, +m) 
(b) Since m, has kinetic energy j" 30”, it will rise an additional height Ah determined from 
ape 
mg Ah=—myv 
2 
or from (a), 
Az v? _ (m,—m)h 
2g (m, +mz) 
The total height m, reaches is h+ Ah = CEU 
P8.15 The force of tension and subsequent force of compression in the 
rod do no work on the ball, since they are perpendicular to each 
step of displacement. Consider energy conservation of the ball- 
Earth system between the instant just after you strike the ball and 
the instant when it reaches the top. The speed at the top is zero if L 
you hit it just hard enough to get it there. initial final 
K,+U,;=K,; Ug: 1 nv? «0-0 2L 
v; 2 J4gL = 44(9.80)(0.770) 
v; =| 5.49 m/s 
Vi 


FIG. P8.15 
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ful ful 
*P8.16 efficiency - useful output energy _ useful output power 


total input energy total input power 


Tw er Sy /t 2P water (Ü water /t) SY " 2 pw (v, /t)gy 
(2) maso Zo pas (to? jt) parr’ v? 


where / is the length of a cylinder of air passing through the mill and v,, is the volume of water 
pumped in time t. We need inject negligible kinetic energy into the water because it starts and ends 
at rest. 


s epum s? _ 0.275(1.20 kg/m? )a(1.15 m) (11 m/s)” 
t 20,.8y 2(1000 kg/m? (9.80 m/s”)35 m 


1000L 
-266x10? m?/s T (= i E 160 L/min 
m min 


P8.17 (a) K; tU -K, +U gg 


[^ 


Don 1 i 
DU EVE ERY 


E axi ood 
3 tg m EP 


But v,; = 0,4, so for the first ball 


v5 _ (1000sin37.0°)" 


=| 1.85x10* m 
dim 2(9.80) 
and for the second 
1000 
y; = (1000) =| 5.10x10* m 
2(9.80) 
(b) The total energy of each is constant with value 


= (200 kg)(1000 m/s)” =| 1.00 x 107 J |. 


P8.18 


*P8.19 


Chapter 8 
In the swing down to the breaking point, energy is conserved: 
mgr cos = bp 
2 
at the breaking point consider radial forces 
2 fem 
v? 
+T nax ~ Mg cos 8 = m — 
r 
p? 
Eliminate — = 2g cos 0 
r 
Tmax — mg cos 0 = 2mg cos 0 
Tnax = 3g cos O 
0-cos! Trax | -cos! ZN $ 
3mg 3(2.00 kg)(9.80 m/s?) 
0 =| 40.8? 
(a) For a 5-m cord the spring constant is described by F = kx, Art uw A 
mg = k(1.5 m). For a longer cord of length L the stretch distance A 
is longer so the spring constant is smaller in inverse proportion: 7 A F 
7 vz 
A 
pean PB 3.33 me/L e 
L 15m ere 
(K+U,+U,) =(K+U, +U,) UL 
i f initial final 


l2 
(emer OOTY E FIG. P8.19(a) 


1,5 1 mg 9 
; —Y¢) == kx} =—3.33 
ms(vi y;) 2 Xf 2 L X 
here y;- y; =55 m=L+x; 
55.0 mL = 5939650 mel 


55.0 mL 2 5.04x 10? m? —183 mL 1.6712 
021.671? —238L + 5.04 x 10? 20 


238 + [238? - 4(1.67)(5.04x10°) 939 4459 
2(1.67) 3.33 


L 25.8 m 


only the value of L less than 55 m is physical. 


(b | k-333 zn Xmax = Xf 7550 m- 25.8 m = 29.2 m 
om 


> F=ma +kX max — mg = ma 


3.33— 8 29.2 m mg =ma 
25.8 m 


a= 2.77g =| 271 m/s? 
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When block B moves up by 1 cm, block A moves down by 2 cm and the BF becomes 3 cm. 


We then choose the final point to be when B has moved up by t and has speed —* . Then A has 


moved down = and has speed v4: 


*P8.20 
Section 8.3 
P8.21 F= 

(a) 
(b) 
(c) 
P8.22 (a) 


(b) 


(Ka +Kg+Uy) =(Ka+Kp *u,), 


0+0+0= TS t P" J + “ie "ge 
pe 
8gh 
Conservative and Nonconservative Forces 
mg - (400 kg)(9.80 m/s?) = 39.2 N y 


Work along OAC = work along OA + work along AC 
= F,(OA)cos 90.0°+F, (AC) cos 180° 


= (39.2 N)(5.00 m) +(39.2 N)(5.00 m)(-1) 


=|2196) 


W along OBC = W along OB + W along BC 
= (39.2 N)(5.00 m) cos 180°+(39.2 N)(5.00 m)cos 90.0? 


=|-196J 


Work along OC = F, (OC) cos 135° 


= (39.2. N)(5.00 x V2 m|- +) =| -196 J 


V2 


(5.00, 5.00) m 


A 


FIG. P8.21 


The results should all be the same, since gravitational forces are conservative. 


W= JE -dr and if the force is constant, this can be written as 


W =F. [dr - 


F. (r; t), which depends only on end points, not path. 


5.00 m 5.00 m 


Ried (3.00 N) lent 4.00 N) Jay 


= (3.00 Np" -(400N)y, ^" =15.0 J+ 20.0 J =| 350] 


5.00 m 


The same calculation applies for all paths. 


P8.23 


P8.24 


(a) 


(b) 


(c) 


(d) 


(a) 


(b) 


Chapter 8 


500m, |, 0 500m 
Wo,- faxi-(2yitx?j)= f2ydx 
0 0 


and since along this path, y =0 Woa =0 


5.00 m 5.00 m 


Wac = J ayj-(2yi + x75) = fx7dy 
0 0 


For x =5.00 m, Wac =125J 
and Woac =0 +125 =| 125 J 
50m, , y 500m, 
Wop = Jaj (ai x j)= fx dy 
0 0 
since along this path, x - 0, Wop =0 


since y=5.00 m, 


Since x = y along OC, 


500m, |, o0 500m 
Wec= fdri-(2yi+x7j)= [2ydx 
0 0 


Wee 250.0] 


Wosc = 0 +50.0 = 50.0 J 


Woc = f(axi + djj) : (2i + x5 B f (2ydx + x^dy) 


5.00 m 
Woc = f(2x+x°)ax=[667] 
0 


Fis | nonconservative | since the work done is path dependent. 
(AK), ,3 =È}, W =W, =mgAh = mg(5.00 — 3.20) A 

€ E To = m(9.80)(1.80) 

2 2 

0g =| 5.94 m/s 


Similarly, vc = yv} + 2g(5.00 — 2.00) =| 7.67 m/s 


E 


= mg(3.00 m) = 


FIG. P8.24 


147] 
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P8.25 (a) F = (3.001 5.005) N 
m = 4.00 kg 
r =(2.00i - 3.00j) m 
W =3.00(2.00) + 5.00(—3.00) =| —9.00 J 
The result does not depend on the path since the force is conservative. 
(b) W =AK 
00v? 4.00)? 
35092 $009 ia i | 
2 2 
so ey E =| 3.39 m/s 
2.00 
(c) AU =-W =| 9.00 J 
Section 8.4 Changes in Mechanical Energy for Nonconservative Forces 
P8.26 (a) U, =K;-K, +U; U, =30.0 -18.0 + 10.0 =| 22.0 J 
E = 40.0 J 
(b) Yes, AE mech = AK + AU is not equal to zero. For conservative forces AK + AU =0. 
P8.27 The distance traveled by the ball from the top of the arc to the bottom is zR . The work done by the 
non-conservative force, the force exerted by the pitcher, 
is AE = FAr cos0°= F(ak). 
We shall assign the gravitational energy of the ball-Earth system to be zero with the ball at the 
bottom of the arc. 
Th AE mech = mo? —— mo? 
en mech s mop mo + Mgy ¢ — MY; 
becomes Lus Serre ; + F(aR) 
2 f 2 i SV 
2F(aR) 2 2(30.0)2(0.600) 
2 
or v, 2r -2gyj; 2: = aso ua at e — a 
v, =| 26.5 m/s 
*P8.28 The useful output energy is 
120 Wh(1 -0.60) = mg(y, —y;) =F, Ay 
120 W(3 600 s)0.40 
- pene) ASIE 
890 N W-s J 
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*P8.29 As the locomotive moves up the hill at constant speed, its output power goes into internal energy 
plus gravitational energy of the locomotive-Earth system: 


A = mgy + fAr = mgA^r sin 0 + fAr $- mgo sind fo, 
As the locomotive moves on level track, 


9 = fo; 1000 zi mee = f(27 m/s) f =2.76x 104 N 
p 


5m 
100 m 


Then also 746 000 W = (160 000 kg)(9.8 m/s” Jo ( J (2.76 x 10* Nj, 


74 W 
Up ALE 7.04 m/s 
1.06 x10° N 


P8.30 We shall take the zero level of gravitational potential energy to be at the lowest level reached by the 
diver under the water, and consider the energy change from when the diver started to fall until he 
came to rest. 


AE = m? -Zm +mgy  — mgy; = frd cos 180° 
0-0 mg(y; y;)= fid 
mg(y; -y;) (70.0 kg)(9.80 m/s? (10.0 m 4 5.00 m) 
d 5.00 m 


fi 


1 1 
P8.31 U; + Ki + AE mech 7 Ur TKg magh- fh= myo" + m0" 


f-un-umg 


1 
mgh- um,gh — am m mo? 


pe 2(mj - um, (hg) 
mı +m, FIG. P8.31 


E us m/s? (1.50 m)[5.00 kg — 0.400(3.00 kg)] 


=| 3.74 m/s 
8.00 kg 


vj = 1.40 m/s 


P8.32 AE mech = (K; ~ Ki) RS (Uy 5 us) 


; v= 6.20 m/s 
But AE mech =Wapp — fAx, where W,,, is the work the boy pe 
did pushing forward on the wheels. E 
2.60m 
Thus, Wapp -(K; —K;)+(Ug —Ugi) + fax —<—_ 4 
1 

or W= PLU — of )+mg(-h)+ fax FIG. P8.32 

Wap = 5 (47.0}(6.20)" - (1.40)? | — (47.0)(9.80)(2.60) + (41.0)(12.4) 

Wapp =| 168] 
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P8.33 


P8.34 


Potential Energy 


(a) 


(b) 


(c) 


(d) 


1 1 
AK - z mv; v;)- jT = 160] 


AU = mg(3.00 m)sin30.0?- | 73.5 J 


The mechanical energy converted due to friction is 86.5 J 


FIG. P8.33 
= 298] =| 28.8 N 
3.00 m 


f 


f = un = uymg cos 30.0° = 28.8 N 
pe 28.8 N E EST 
(5.00 kg)(9.80 m/s?) cos30.0* 


Consider the whole motion: K; +U; + AE men 2 Kj +U, 


(a) 


(b) 


(c) 


(d) 


0 mgy; — fi Ax, — f,Ax, = Im? +0 

(80.0 kg)(9.80 m/s?) 000 m- (50.0 N)(800 m) - (3 600 N)(200 m) = 5 (800 kg)? 
1 

784 000 J — 40 000 J - 720 000 J = 7 (80.0 kg)v? 

2(24 000 J) 


Yes | this is too fast for safety. 


Now in the same energy equation as in part (a), Ax; is unknown, and Ax; 21000 m- Ax;: 


784.000 J - (50.0 N)(1000 m- Ax;) —(3 600 N)Ax; = EC kg)(5.00 m/s)” 


784000 J — 50 000 J - (3 550 N)Ax; 21000 J 
733 000 J 
Ax» = —————- = | 206 
Xa 3550 N [ 206 m | 


Really the air drag will depend on the skydiver's speed. It will be larger than her 784 N 
weight only after the chute is opened. It will be nearly equal to 784 N before she opens the 
chute and again before she touches down, whenever she moves near terminal speed. 
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P8.35 (a) (KU); + AE mech =(K + u): 


olg f cen? +0 
2 2 

1 D z 1 E 

5 (8.00 N/m)(5.00 x10 mJ - (3.20 x107 N)(0.150 m) = 7 (530 10 ? kg)o? 
2(5.20 x 107? J) 


"7 Y 530x107 kg ES 


(b) When the spring force just equals the friction force, the ball will stop speeding up. Here 
IF. | =x; the spring is compressed by 


3.20 x10? N 
8.00 N/m 


= 0.400 cm 


and the ball has moved 


5.00 cm - 0.400 cm =| 4.60 cm from the start. 


(c) Between start and maximum speed points, 


lg afi Stig? +2 ke? 
2 2 2 


= 8.00(5.00 x10)” -(3.20x10)(4.60 x10) = +(530 x10)? + 8.00 4.00 x10) 


v=| 1.79 m/s 


P8.36 DF, =n- mg cos37.0°=0 
<. n = mg cos 37.0° = 400 N 
f = un =0.250(400 N) 2 100 N 
—fAx = AE mech 
(-100)(20.0) = AU, + AUg + AK 4 + AKg 
AU 4 =m 48(hș — h;) = (50.0)(9.80)(20.0 sin 37.0°) = 5.90 x 10? 


AU; = mgg(hy — h; ) = (100)(9.80)(-20.0) = -1.96 x 10 
1 
AK, -gna(e -w 


: my(o? - v?) =—2 AK , =2AK , 


AK; = 
ame. IA 


Adding and solving, AK , =| 3.92 kJ |. 


FIG. P8.36 
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P8.37 (a) 


(b) 


(c) 


The object moved down distance 1.20 m+ x. Choose y =0 at its lower point. 
O+mgy; +0+0=0+0+5k0 


(1.50 kg)(9.80 m/s”)(1.20 m+ x) = + (320 N/m)x? 
0=(160 N/m)x? - (147 N)x-17.6] 


_147N4 (147 N)? - 4(160 N/m)(-17.6 N-m) 
: 2(160 N/m) 


| 147 N £107 N 
320 N/m 


The negative root tells how high the object will rebound if it is instantly glued to the spring. 
We want 


x=] 0.381 m 


From the same equation, 


(1.50 kg)(1.63 m/s*)(1.20 m+ x)= 5 (320 N/m)x? 


0 2 160x? — 2.44x — 2.93 


The positive root is x =| 0.143 m |. 


The equation expressing the energy version of the nonisolated system model has one more 
term: 


mgy; - fAx = e 

(1.50 kg)(9.80 m/s? (1.20 m+ x) 0.700 N(1.20 m+ x)= 5 (320 N/m)x? 
17.6 J+14.7 Nx- 0.840 J -0.700 Nx =160 N/mx? 

160x? -14.0x -16.8 =0 


140 (14.0)? - 4(160)(-16.8) 
E 
320 


x=] 0.371 m 
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P8.38 The total mechanical energy of the skysurfer-Earth system is 
ls 
Egan =K +U, = a -mgh. 


Since the skysurfer has constant speed, 


dE mech dv 
=mvu—+mg 
dt dt 


» =0+mg(-v) =—mgv. 


The rate the system is losing mechanical energy is then 


dE mech 
dt 


= mgv = (75.0 kg)(9.80 m/s? (60.0 m/s) =| 44.1 kW |. 


*P8.39 (a) Let m be the mass of the whole board. The portion on the rough surface has mass a The 


S ES ma. Then 


mx 
normal force supporting it is E and the frictional force is 


x 
ü- as opposite to the motion. 


(b) In an incremental bit of forward motion dx, the kinetic energy converted into internal 


energy is f,dx = EI dx. The whole energy converted is 


L 
_ AgmgL 
2 


L 2 
1 noo = jeee gea HRMS K 
` L 


L 2 A 
v= Hp8L 


Section 8.5 Relationship Between Conservative Forces and Potential Energy 


P8.40 (a) U= 3r (-Ax + Bx? Jax = | —- 
0 


CM i E Al(3.007) -(2.00)"] _B[(3.00)° -(2.00)°| [500,190 


2.00 m 2 3 2 3 
"M 500 4,105) 
2 3 


5.00 m 2 2-00 m. 
P8.41 (a) W-[Fdx- [(2x+4)dx= eS + J = 25.0 + 20.0 — 1.00 — 4.00 =| 40.0] 
1 1 


(b) AK+AU=0 AU = —-AK = -W =| -40.0J 


mv? 


2 
Es K; =AK +1 =| 625] 
2 


(c) AK-K,- 
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eu a(3x°y — 7x) 


P8.42 F=- = (9x?y-7)=7-9x7y 
F, pu ary E a) = -(3x? — 0) --3x? 
Oy Oy 


^ 


Thus, the force acting at the point (x, y) is F=F,i+ Ej- (7 - 9x^yJi -8x5j |. 


P8.43  u()-4 
r 
F= Uaa (2) A . The positive value indicates a force of repulsion. 
Or ar\r r? 
Section 8.6 


Energy Diagrams and the Equilibrium of a System 


"AVO 


stable unstable neutral 


FIG. P8.44 


P8.45 (a) F, is zero at points A, C and E; F, is positive at point B and negative at point D. 


(b) A and E are unstable, and C is stable. 


(c) Fy 


x(m) 


FIG. P8.45 
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P8.46 (a) There is an equilibrium point wherever the graph of potential energy is horizontal: 
At r - 15 mm and 3.2 mm, the equilibrium is stable. 


At r=2.3 mm, the equilibrium is unstable. 
A particle moving out toward r — œ approaches neutral equilibrium. 


(b) The system energy E cannot be less than —5.6 J. The particle is bound if | -5.6] € E«1] |. 


(c) If the system energy is —3 J, its potential energy must be less than or equal to -3 J. Thus, the 


particle's position is limited to | 0.6 mm <r < 3.6 mm |. 


(d ^ K-*U-E.Thus, K,,, =E-U pin --30]-(-56]) - | 26] J. 


(e) Kinetic energy is a maximum when the potential energy is a minimum, at | r - 1.5 mm |. 


(f) -3 J+ W =1 J. Hence, the binding energy is W =| 4J |. 


P8.47 (a) When the mass moves distance x, the length of each spring 
changes from L to Ax? +L? ,so each exerts force 
K(x? H= L) towards its fixed end. The y-components 


cancel out and the x components add to: 


F, =- VP +P uJ -| A E i 


x +L LHL FIG. P8.47(a) 


Choose U =0 at x=0. Then at any point the potential energy of the system is 


U(x)=-[ Fax = i 2kx + 2A zje- ar xar - RER 
0 


0 Vx? «I2 
kee? 2K1L aa? 73 | 


0 Vx? p 


U(x) = 


(b U(x) =40.0x? + 96.0( 1.20 ENIM 144) 


For negative x, U(x) has the same value as for 
positive x. The only equilibrium point (i.e., where 
F,-20)is| x20 |. 


(c) Ma NE 


040.400 J+0=— (118 kg)? +0 


v, =| 0.823 m/s FIG. P8.47(b) 
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Additional Problems 


P8.48 


P8.49 


P8.50 


The potential energy of the block-Earth system is mgh. 
An amount of energy 4rd cos @ is converted into internal energy due to friction on the incline. 
Therefore the final height ymax is found from 
MY max = Mgh — uymgd cosa 

where 

d = Ymax 

sin ð 
SV max = mgh = HEMSY max cot 


Solving, 


FIG. P8.48 


"TK 
1-4, cotü 


V max = 


Ata pace I could keep up for a half-hour exercise period, I climb two stories up, traversing forty 
steps each 18 cm high, in 20 s. My output work becomes the final gravitational energy of the system 
of the Earth and me, 


mgy = (85 kg)(9.80 m/s? )(40 x 0.18 m) = 6 000 J 


making my sustainable power n J =| ~10° W |. 
s 


v=100 km/h = 27.8 m/s 
The retarding force due to air resistance is 


R- 5 Dp” = 5 (0.330)(1.20 kg/m? (2.50 m?)(27.8 m/s)" =382 N 


Comparing the energy of the car at two points along the hill, 
where AW, is the work input from the engine. Thus, 
AW, = R(As)+(K; - Kj) -(u, -u,;) 


Recognizing that K , = K; and dividing by the travel time At gives the required power input from 
the engine as 


ga ES = « a + ms{ <2) = Rv +mgvsin 0 
At At At 


4 =(382 N)(27.8 m/s) + (1500 kg)(9.80 m/s?)(27.8 m/s)sin3.20° 


P =| 33.4 kW = 448 hp 


P8.51 


P8.52 


P8.53 


Chapter 8 237 


m — mass of pumpkin e NY 
R = radius of silo top 
2 se n 
DF, = ma, >n-mgcos0=-m » | ; 
re 
i PEN 


When the pumpkin first loses contact with the surface, n=0. mg 
Thus, at the point where it leaves the surface: v? = Rg cos. 
FIG. P8.51 


Choose U, =0 in the @=90.0° plane. Then applying conservation of energy for the pumpkin-Earth 
system between the starting point and the point where the pumpkin leaves the surface gives 


Ky +U =K; t. 
qne -mgRcos0 = 0 +mgR 
Using the result from the force analysis, this becomes 


1 
o RE cos 0 + mgR cos0 = mgR , which reduces to 


cos 0 = >, and gives 0 = cos ! (2/3) - | 48.2° 


as the angle at which the pumpkin will lose contact with the surface. 


(a) U,-mgR = (0.200 kg)(9.80 m/s? (0.300 m) =| 0.588 J 


Kg =K, +U, —Uzg =mgR =| 0.588 J 


_ |2Kg  (2(0588]) | 
(c) Up $ 0.200 kg 2.42 m/s 


(d) Ue =mghe = (0.200 kg)(9.80 m/s?)(0.200 m) = [0.392 J 
Kc=K4 +U; -Uc - mg(h4 -hc) 


Kc = (0.200 kg)(9.80 m/s*)(0.300 - 0.200) m = 


1 1 2 
(a) Kz = PAL - 5 (0.200 kg)(1.50 m/s) =| 0.225 J 


FIG. P8.52 


(b  AEmen = AK + AU = Kg - K, Ug - UA 
- Kg +mg(hp - h4) 
= 0.225 J + (0.200 kg)(9.80 m/s? (0— 0.300 m) 
0.225 J -0.588 J =| -0.363 J 


(c) It's possible to find an effective coefficient of friction, but not the actual value of u since n 
and f vary with position. 
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P8.54 The gain in internal energy due to friction represents a loss in mechanical energy that must be equal 
to the change in the kinetic energy plus the change in the potential energy. 
Therefore, 


-u,mgx cos0 = AK + Qe) —mgxsin 8 


and since v; =v; 20, AK - 0. 


Thus, 


~11,,(2.00)(9.80)(cos 37.0*)(0.200) = 


2 
a” (2.00)(9.80)(sin 37.0°)(0.200) 


and we find u, =| 0.115 |. Note that in the above we had a gain in elastic potential energy for the 


spring and a loss in gravitational potential energy. 


P8.55 (a) Since no nonconservative work is done, AE =0 k = 100 N/m 
Also AK =0 
therefore, U; =U f 


where U; = (mg sin 0)x 


and U; m 
2 


FIG. P8.55 


Substituting values yields (2.00)(9.80) sin 37.0° = (100) = and solving we find 


x= | 0.236 m 


(b) >) F = ma. Only gravity and the spring force act on the block, so 
-kx + mg sin 0 = ma 


For x = 0.236 m, 


a=| -5.90 m/s? |. The negative sign indicates a is up the incline. 
8 gn P 


The | acceleration depends on position |. 


(c) U(gravity) decreases monotonically as the height decreases. 
U(spring) increases monotonically as the spring is stretched. 


K initially increases, but then goes back to zero. 
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P8.56 — k=2.50x10* N/m, m= 25.0 kg 
xa =—0.100 m, U, a I -0 

Lei 

(a) Emech 7 KA tU, tu Enen 7 0 mgxA TUE 


Emech = (25.0 kg)(9.80 m/s? (-0.100 m) 
1 
«2 (250 x10* N/m)(-0.100 m) 


Emech 7-245]4125] - [100] 


(b) Since only conservative forces are involved, the total energy of the child-pogo-stick-Earth 
system at point C is the same as that at point A. 


Kc £U,c Uc =K 4 +U gy Uy: 0 + (25.0 kg)(9.80 m/s?)xc +0 =0~- 24.5 J+125 J 
Xc =| 0.410 m 
(c) Kg c Ug cg KA Uu Us: = (25.0 kg)o} 00-0 C245] +125) 
Ug =| 2.84 m/s 
(d) K and v are at a maximum when a=) F j m =0 (i.e., when the magnitude of the upward 


spring force equals the magnitude of the downward gravitational force). 


This occurs at x<0 where  kļx|= mg 
25.0 kg)(9.8 m/s? 
or Tm sí i / NEM 
2.50x10* N/m 
Thus, K =K max at x =| -9.80 mm 
(e) K max = Ka t (uy. E NL se al t (Ua z Hos at 
or ; 050 kg) max = (25.0 kg)(9.80 m/s? [(-0.100 m) - (-0.009 8 m)] 


+5 (250 x104 N/m)[(-0.100 m)? - (-0.009 8 mj] 


yielding Umax =| 2.85 m/s 


max 


P8.57 AE mech = —fAx 
E, - E; - -f dec 


Qe -mgh = —umgdpc 


u=  -| 0328 
mgd yc FIG. P8.57 
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P8.58 (a) F-— -x° «2:2 +3x}i= (33? - 4x -3Ji fée pj pet + 
dx +-+-+-+5+-+ +-+ 
+-+F(x)+-+-4-4+f4-4+ 
(b) F=0 rege - M 
ee 
when x =| 1.87 and -0.535 Tur} pz 
OR NEM 
(c) The stable point is at Uo I. W oT 
tk L--x-4 
£O t NA 
x = —0.535 point of minimum U(x). pee BD 

The unstable point is at FIG. P8.58 


x 21.87 maximum in U(x). 


P&59 — (K+U),=(K+U), 


0 + (30.0 kg)(9.80 m/s? (0.200 m)-- (250 N/m)(0.200 m)? 


= 5 (500 kg)o? + (20.0 kg)(9.80 m/s?)(0.200 m)sin 40.0° 


58.8 J +5.00 J = (25.0 kg)o? + 25.2 J 


v=1.24 m/s 


P8.60 (a) Between the second and the third picture, AE mech = AK +AU 


FIG. P8.59 


umgd = X t : kd? 
5 600 N/m)d? + 0.250(1.00 kg)(9.80 m/s?)d -+ (1.00 kg)(3.00 m/s?)- 0 


 [245£2125]N _ 
50.0 N/m 


0.378 m 


(b) Between picture two and picture four, AE, = AK + AU — k 


m i 
| D Y 
f(2d)= Qn : mv? 


v= jeo m/s)? -—2— (2.45 N)(2)(0.378 m) O O NÝ 


=| 2.30 m/s %=0 =) 

ve! 
(c) For the motion from picture two to picture five, | 

AE mech = AK + AU a 
| 

1 2 v-0 N 
-f(D«2d)- ~ 7 (1.00 kg)(3.00 m/s) <D U 
D= A 2(0.378 m) =| 1.08 m FIG. P8.60 


2(0.250)(1.00 kg)(9.80 m/s”) 
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P8.61 (a) Initial compression of spring: e = qj? 


(450 N/m)(Ax)? = (0.500 kg)(12.0 m/s)” 


+ a= [000m] 


(b) Speed of block at top of track: AE mech =—fAx 


FIG. P8.61 


[mst + T vss + zi) =—f(aR) 


0.500 kg)(9.80 m/s? (2.00 m ae 0.500 kg o2 E 0.500 kg)(12.0 m/s) 
g 2 B= g 
= -(7.00 N)(z)(1.00 m) 
0.25007 = 4.21 
^ Ur =| 410 m/s 


(c) Does block fall off at or before top of track? Block falls if a, < g 


v2 (410) 


fe = R 100 


=16.8 m/s? 


Therefore a, >g and the | block stays on the track |. 


P8.62 Let A represent the mass of each one meter of the chain and T e T 4 p 
ia ; i s i ; f > = AA P 
present the tension in the chain at the table edge. We imagine the 4L IMUM- a 
edge to act like a frictionless and massless pulley. ET YT 
(a) For the five meters on the table with motion impending, u 
YE,-0: +n-5Ag=0 n-54Ag 
f, < un =0.6(5Ag) = 34g } 348 
215-0: 4T-f-0 T=f; T <3Ag FIG. P8.62 


The maximum value is barely enough to support the hanging segment according to 
DF, =0: «T -34g =0 T 234g 
so it is at this point that the chain starts to slide. 


continued on next page 
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(b) Let x represent the variable distance the chain has slipped since the start. 


Then length (5 — x) remains on the table, with now 


F,20: -4n-(5-x)Ag-0 n=(5-x)A 
y $ 8 
fe = uyn = 0.4(5 — x)Ag = 24g - 0.AxAg 


Consider energies of the chain-Earth system at the initial moment when the chain starts to 
slip, and a final moment when x =5, when the last link goes over the brink. Measure 
heights above the final position of the leading end of the chain. At the moment the final link 
slips off, the center of the chain is at y; = 4 meters. 


Originally, 5 meters of chain is at height 8 m and the middle of the dangling segment is at 
height 8 -- 6.5 m. 


f 
K; +U; + AE mech =K ¢ Ug: 0+ (m, gy * ma8yz), = | te =( Fo” + my } 
i f 
5 


(5Ag)8 + (343)6.5 — J (24g —0.4xAg)dx = 5(82)0” +(8Ag)4 


5 5 

40.0g +19.5¢ — 2.00g [ dx + 0.4003 f x dx = 400v? + 32.08 
0 0 

2 5 


27.58 — 2.00gx[ +0.400 m = 400v? 


0 
27.5 — 2.009(5.00) + 0.400 g(12.5) = 4.0007 


22.5g = 400v? 
(22.5 m)(9.80 m/s? 
isl | / b. 7.42 m/s 
4.00 
P8.63 Launch speed is found from 
mg{ Sh) = ime. v= 23{ 2) RUN 
5 2 5 | ^0 y Tes 
0, = vsinÓ 
h/ sd ! 
The height y above the water (by conservation of energy 
for the child-Earth system) is found from FIG. P8.63 
1 5 h f 1 5. p ane ; 
mgy — ay +mg 5 (since 2 is constant in projectile motion) 
- : gius : v! sin? 94. 
29:3 55. “De 5 


a 23{ =] unii e a ene ae 
ae) 5 
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*P8.64 (a) The length of string between glider and pulley is given by /? = x? + hê. Then 22 Z- = 2x% +0. 


Now £ is the rate at which string goes over the pulley: £ =Dy= s - (cos6)o,. 


(b) (Ka Ks +U,),=(Ka+Kp +Uy) 


1 TNE. 
—m,v? +—Mpv 


0+0+mss(¥s0 —Yas)=5 1+3 y 


Now 1/3; — Y45 is the amount of string that has gone over the pulley, £5; — 445. We have 
h h h h 
sin30°=—* and sin 45°=—&, so fy — £45 = —— —o 
Lag £45 sin30? sin45? 
From the energy equation 


-0.40 m(2- 42) - 0.224 m. 


0.5 kg 9.8 m/s? 0.224 m- 51.00 kg v2 + 50500 kg v? cos? 45° 
ERI 
1 | 135 m/s | m/s 
ner 0.625 kg -[135 mys | 


(c) v, =v, cos0 - (135 m/s)cos 45°=| 0.958 m/s 


(d) The acceleration of neither glider is constant, so knowing distance and acceleration at one 
point is not sufficient to find speed at another point. 


P8.65 The geometry reveals D = Lsin 0+ Lsin, 50.0 m= 40.0 m(sin50°+ sin 9), ¢ = 28.9 


(a) From takeoff to alighting for the Jane-Earth system 
(K+ U,), +Wyina = (K + Us), 


wj + mg(-L cos 6) + FD(-1) = 0+ mg(-Lcos ¢) 
550 kg v? +50 kg(9.8 m/s)(-40 mcos50°)-110 N(50 m)=50 kg(9.8 m/s? (40 mcos 28.9°) 
550 kg v? -1.26x10* J- 55x10? J=-1.72 x 10* J 
2(947 J) 
; = | 6.15 m/s | m/s 
e om Eea 


(b) For the swing back 


smo? + mg(-L cos ¢) + FD(+1) = 0 + mg(-Lcos 6) 

5130 kg v? +130 kg(9.8 m/s*)(-40 mcos28.9°) +110 N(50 m) 
= 130 kg(9.8 m/s? (-40 mcos 50?) 

5130 kg v? - 4.46 x 104 J +5500 J = -3.28 x 10* J 


2(6 340 J) 


Pa =| 9.87 m/s 
Fue 130 kg -[987 m/s | 
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P8.66 


*P8.67 


Case I: Surface is frictionless Qu = je) 
2 (5.00kg)(1.20 m/s)? 
posu POURS OVS) 2729510? Nim 
x 10^ m 
Case II: Surface is rough, Hy = 0.300 
1 1 
sme = ak — uymgx 
5.00 k 2 
M - 5(7.20x10? N/mJ(10 mJ -(0.300)(5.00 kg)(9.80 m/s? (107 m) 


(a) 


(b) 


(c) 


(d) 


(e) 


(f) 


(g) 


(K+U,) | =(K+U,), 


O+mgy , = Smo} +0 Up -J23yA = [295 m/s? \6.3 m-|111 m/s 
v? (111 m/s)” ; 
4, = Bowe. 19.6 m/s up 


DF, =ma, +ng-mg=ma, 


ng =76 kg(9.8 m/s? +19.6 m/s”) =| 2.23 10° N up 


W = FAr cos@ = 2.23 x 10° N(0.450 m)cos0°=| 1.01 x 10? J 


(K+U,), +W=(K+U,) 
smo +0+1.01 x 10? J-mj *mg(yp - ya) 


j76 kg(11.1 m/s)? +1.01 x 10 J = 576 kg vh +76 kg(9.8 m/s^)63 m 


(5.70 x 10° J- 4.69 x 10° J)2 
| 76 kg =Up =| 5.14 m/s 

(K + m. = (K + Ug) where E is the apex of his motion 
ob (514 m/s) _ 


28 2(9.8 m/s?) 


135 m 


1 
zine +0=0+mg(ye - yp) Vg - Vp 


Consider the motion with constant acceleration between takeoff and touchdown. The time 
is the positive root of 


1 
-234 m=0+5.14 mjst+5(-98 m/s??? 


49t? —514t - 23420 


NX 4544? - 4(49)( 72.34) 
9.8 


1.39 s 
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*P8.68 If the spring is just barely able to lift the lower block from the table, the spring lifts it through no 
noticeable distance, but exerts on the block a force equal to its weight Mg. The extension of the 
spring, from [F, | = kx, must be Mg/k. Between an initial point at release and a final point when the 


moving block first comes to rest, we have 


: 4mg\ 1 4mg Y. Mg) 1 Mg Y 
Kt +U aK, tug +Uy: ong n y t -0+ mg ME Ne 
4m?g? bmg? È mMg? Mg 
k k k 2k 
2 
4m? = mM 4 —— 
2 
1 mM - 4m? - 0 
-m+ J" -4(4)(-4m?) 
M= =-—m+ 9m" 


Only a positive mass is physical, so we take M 2 m(3—1)- | 2m |. 


P8.69 (a) Take the original point where the ball is 
released and the final point where its ; 
upward swing stops at height H and FO F ey 
horizontal displacement i 


x=? -(L- Hy! =V2LH-H? 


m 


Since the wind force is purely horizontal, it 
does work (a) (b) 


Wwina = | F-ds= F f dx = F\2LH - H? FIG. P8.69 


The work-energy theorem can be written: 
K; +U,g; + Wind =K; tU, Or 
0+0+FV2LH - H? - 04 mgH giving F?2LH - F?H? = m?g?H? 


Here H =0 represents the lower turning point of the ball's oscillation, and the upper limit is 
at F?(21)- ian + m^g?^)H. Solving for H yields 


2LF? 2L 
F? +m°g’ 1+(mg/F)” 


H= 


As F>0, H-0 as is reasonable. 
As F o, H > 2L, which would be hard to approach experimentally. 


aw dde 2(2.00 m) Him 


1«[(200 kg (9.80 m/s?)/147 Nii 
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P8.70 


(c) Call @ the equilibrium angle with the vertical. 


YE, =0>Tsind=F, and 
DF, -0—Tcos0- mg 


Dividing: tan 0 = EG QUEEN — 0.750, or 0 = 36.9? 


mg 19.6N 
Therefore, Heq = L(1— cos 8) = (2.00 m)(1— cos 36.9°) = 


(d) As F >œ, tan > œ, 0 — 90.0? and Hą >L 


0.400 m 


A very strong wind pulls the string out horizontal, parallel to the ground. Thus, 


(Ha). zT 


Call à = 1807-0 the angle between the upward vertical and 
the radius to the release point. Call v, the speed here. By 
conservation of energy 


K; cU; - AE-K, +U, 
ni emgR-0- mo? +mgR cos ó 
gR+2gR - v? +2gRcos¢ 


7, = J3gR - 2gR cosó 


The components of velocity at release are v, =v, cos ó and 


v, =v, sing so for the projectile motion we have 


x=0,t Rsin ¢= v, cos dt 
1 2 E 1 2 
pyra il d it 
By substitution 


The path 


after strin 
eeu * 


is cut 


Rsinó g R?sin?ó 


Rcosó- v, sing 


with sin? $-- cos? ¢=1, 


v,cosó 2 v?cos?ó 


* H . 
* B 
* : . 
ene gune® 


FIG. P8.70 


gRsin? $= 20? cos ¢ = 2cos 4(3gR - 2gRcos ø) 


sin” ¢ = 6cos 9 — 4cos? ó -1- cos? ó 


3cos? $—6cosó 41-20 


6+436-12 


cos = 
i 6 


Only the - sign gives a value for cos¢ that is less than one: 


cos à = 0.183 5 $ = 79.43? 


so ü- 


100.6? 


P8.71 


P8.72 


Chapter 8 
Applying Newton’s second law at the bottom (b) and top (t) of the S 
circle gives ad. 
” uel 4t! N 
mo? mv? / s S 
T, -mg = k and -T, - mg = n 
^ Ty M 
N 
— mle?) uel y 
Adding these gives T, =T, +2mg + UV ~- = 
b 
Also, energy must be conserved and AU + AK =0 mg 
d ord do nra 
mv, -v m(v;, -v 
So, | E ) +(0-2mgR)=0 and | r : ) = 4mg BIG Tou 


Substituting into the above equation gives | T, =T, +6mg |. 


(a) Energy is conserved in the swing of the pendulum, and the 
stationary peg does no work. So the ball’s speed does not 
change when the string hits or leaves the peg, and the ball 
swings equally high on both sides. 

(b) Relative to the point of suspension, 


U; =0, U; =—mg[d-(L-d)| 


From this we find that 


FIG. P8.72 


mg(2d — L) + : mo? =0 
Also for centripetal motion, 


2 
mg = where R-L-d. 
R 


Upon solving, we get | d 2 — |. 
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*P8.73 (a) At the top of the loop the car and riders are in free motion 
fall: 


2 
DF, = may: mg down = a down 
v= Rg 


Energy of the car-riders-Earth system is conserved 
between release and top of loop: 


forces 


1 
K; «Ug 2 Kp Us: 0+ mgh - mo? +mg(2R) 


gh= =Rs + g(2R) 


h=2.50R 


(b) Let h now represent the height > 2.5R of the release 
point. At the bottom of the loop we have 


mgh= m] or 0, =2gh 


2 
mo 
DA, = may: ny, —mg = x (up) 
m(2gh) 
=mg + 
Ny =mg R 


At the top of the loop, mgh= Im? +mg(2R) 


v2 - 2gh— 4gR FIG. P8.73 
2 
mo 
225m n,—mg- x 
n,--mg- h (2gh — 4gR) 
m(2gh) 
(CR -5mg 


Then the normal force at the bottom is larger by 


m(2gh) m(2gh) 
R R 


ny,-n,-mg-c +5mg =| 6mg |. 


*P8.74 


(a) 


(b) 


(d) 


(e) 
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Conservation of energy for the sled-rider-Earth system, jee 0X 
between A and C: / a m ` 
A $ \ l 
9.76 C D 
"Qs m/s)” + m(9.80 m/s? (9.76 m)- mi +0 "n «——50 m —! 
ES Jes m/s)” + 2(9.80 m/s?)(9.76 m) =[141 m/s FIG. P8.74(a) 


Incorporating the loss of mechanical energy during the portion of the motion in the water, 
we have, for the entire motion between A and D (the rider’s stopping point), 


1 2 
K;+Ugi-frAx=Kj+Ug: — 5(80kg)(2.5 m/s) + (80 kg)(9.80 m/s?)(9.76 m)- f,Ax=0+0 


—f,Ax =| -7.90 x 10° J 


790x10?] 7.90x10° N-m 


The water exerts a frictional force "n 
Ax 50m 


=158 N 


and also a normal force of n = mg = (80 kg)(9.80 m/s?) =784 N 


The magnitude of the water force is Jass N)? + (784 NY? =| 800 N 


The angle of the slide is y” V ng 
S 9.76 m 
-sin ——— = 
543m 


- 10.4? V 
mg 


mg cos 0 
For forces perpendicular to the track at B, 


FIG. P8.74(d) 
E,2ma,;: ng-mecos0-0 
y y B S 


ng = (80.0 kg)(9.80 m/s?)cos10.4°=[771 N 


2 
; moc motion force 
DF, =ma,: +nç-mg= 


Nc = (80.0 kg)(980 m/s? ) fa v ac 
, (800 kg)(141 m/s)” AS 
mg 


20 m 
Nc =| 157x10° N up 


FIG. P8.74(e) 


The rider pays for the thrills of a giddy height at A, and a high speed and tremendous splash 
at C. As a bonus, he gets the quick change in direction and magnitude among the forces we 
found in parts (d), (e), and (c). 
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ANSWERS TO EVEN PROBLEMS 


P8.2 


P8.4 


P8.6 


P8.8 


P8.10 


P8.12 


P8.14 


P8.16 


P8.18 


P8.20 


P8.22 


P8.24 


P8.26 


P8.28 


P8.30 


P8.32 


P8.34 


P8.36 


P8.38 


P8.40 


(a) 800 J; (b) 107 J; (c) 0 

(a) 1.1110? J; (b) 0.2 

1.84m 

(a) 10.2 KW; (b) 10.6 kW; (c) 5.82 x 105 J 


kx? 


d-—— ———-—Xx 
2mg sin 


(a) see the solution; (b) 60.0? 


2 - h 
(a) (m, m;)g ; (b) 2mjh 
(m, +m) mı +m, 
160 L/min 
40.8° 
Bgh ^ 
15 


(a) see the solution; (b) 35.0 J 
(a) vg =5.94 m/s; vc =7.67 m/s; (b) 147] 


(a) U ; = 22.0 J; E= 40.0 J; (b) Yes. The total 
mechanical energy changes. 


194m 
2.06 kN up 
168] 


(a) 24.5 m/s; (b) yes; (c) 206 m; (d) Air drag 
depends strongly on speed. 


3.92 kJ 


_19B 5A 
2 3 3 2 


P8.42 


P8.44 


P8.46 


P8.48 


P8.50 


P8.52 


P8.54 


P8.56 


P8.58 


P8.60 


P8.62 


P8.64 


P8.66 


P8.68 


P8.70 


P8.72 


P8.74 


(7 = 9x7 y)i = 3x?j 

see the solution 

(a) r 21.5 mm and 3.2 mm, stable; 2.3 mm 
and unstable; r — œ neutral; 

(b) -5.6] x E«1]; (c) 0.6 mm <r < 3.6 mm; 
(d) 2.6 J; (e) 1.5 mm; (f) 4] 

see the solution 


33.4 kW 


(a) 0.588 J; (b) 0.588 J; (c) 2.42 m/s; 
(d) 0.196 J; 0.392 J 


0.115 


(a) 100 J; (b) 0.410 m; (c) 2.84 m/s; 
(d) -9.80 mm; (e) 2.85 m/s 


(a) (3x? — 4x -3)i; (b) 1.87; —0.535; 


(c) see the solution 
(a) 0.378 m; (b) 2.30 m/s; (c) 1.08 m 
(a) see the solution; (b) 7.42 m/s 


(a) see the solution; (b) 1.35 m/s; 
(c) 0.958 m/s; (d) see the solution 


0.923 m/s 

2m 

100.6? 

see the solution 


(a) 14.1 m/s; (b) -7.90 J; (c) 800 N; 
(d) 771 N; (e) 1.57 kN up 


Q9.5 


Q9.6 


Q9.7 


Q9.8 


Linear Momentum and Collisions 


ANSWERS TO QUESTIONS 
Q9.1 No. Impulse, FAt, depends on the force and the time for which 
it is applied. 
Q9.2 The momentum doubles since it is proportional to the speed. 


The kinetic energy quadruples, since it is proportional to the 
speed-squared. 


Q9.3 The momenta of two particles will only be the same if the 
masses of the particles of the same. 


Q9.4 (a) It does not carry force, for if it did, it could accelerate 
itself. 


(b) It cannot deliver more kinetic energy than it possesses. 
This would violate the law of energy conservation. 


(c) It can deliver more momentum in a collision than it possesses in its flight, by bouncing from 
the object it strikes. 


Provided there is some form of potential energy in the system, the parts of an isolated system can 
move if the system is initially at rest. Consider two air-track gliders on a horizontal track. If you 
compress a spring between them and then tie them together with a string, it is possible for the 
system to start out at rest. If you then burn the string, the potential energy stored in the spring will 
be converted into kinetic energy of the gliders. 


No. Only in a precise head-on collision with momenta with equal magnitudes and opposite 
directions can both objects wind up at rest. Yes. Assume that ball 2, originally at rest, is struck 
squarely by an equal-mass ball 1. Then ball 2 will take off with the velocity of ball 1, leaving ball 1 at 
rest. 


Interestingly, mutual gravitation brings the ball and the Earth together. As the ball moves 
downward, the Earth moves upward, although with an acceleration 10? times smaller than that of 
the ball. The two objects meet, rebound, and separate. Momentum of the ball-Earth system is 
conserved. 


(a) Linear momentum is conserved since there are no external forces acting on the system. 


(b) Kinetic energy is not conserved because the chemical potential energy initially in the 
explosive is converted into kinetic energy of the pieces of the bomb. 
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Q9.9 


Q9.10 


Q9.11 


Q9.12 


Q9.13 


Q9.14 


Q9.15 


Q9.16 


Q9.17 


Q9.18 


Q9.19 


Q9.20 


Q9.21 


Linear Momentum and Collisions 


Momentum conservation is not violated if we make our system include the Earth along with the 
clay. When the clay receives an impulse backwards, the Earth receives the same size impulse 
forwards. The resulting acceleration of the Earth due to this impulse is significantly smaller than the 
acceleration of the clay, but the planet absorbs all of the momentum that the clay loses. 


Momentum conservation is not violated if we choose as our system the planet along with you. 
When you receive an impulse forward, the Earth receives the same size impulse backwards. The 
resulting acceleration of the Earth due to this impulse is significantly smaller than your acceleration 
forward, but the planet’s backward momentum is equal in magnitude to your forward momentum. 


As a ball rolls down an incline, the Earth receives an impulse of the same size and in the opposite 
direction as that of the ball. If you consider the Earth-ball system, momentum conservation is not 
violated. 


Suppose car and truck move along the same line. If one vehicle overtakes the other, the faster- 
moving one loses more energy than the slower one gains. In a head-on collision, if the speed of the 


+3 i : 
mr * eile times the speed of the car, the car will lose more energy. 


mr tm. 


truck is less than 


The rifle has a much lower speed than the bullet and much less kinetic energy. The butt distributes 
the recoil force over an area much larger than that of the bullet. 


His impact speed is determined by the acceleration of gravity and the distance of fall, in 
vj =v; — 2g(0 — y;). The force exerted by the pad depends also on the unknown stiffness of the pad. 


The product of the mass flow rate and velocity of the water determines the force the firefighters 
must exert. 


The sheet stretches and pulls the two students toward each other. These effects are larger for a 
faster-moving egg. The time over which the egg stops is extended so that the force stopping it is 
never too large. 


(c) In this case, the impulse on the Frisbee is largest. According to Newton's third law, the impulse 
on the skater and thus the final speed of the skater will also be largest. 


Usually but not necessarily. In a one-dimensional collision between two identical particles with the 
same initial speed, the kinetic energy of the particles will not change. 


g downward. 


As one finger slides towards the center, the normal force exerted by the sliding finger on the ruler 
increases. At some point, this normal force will increase enough so that static friction between the 
sliding finger and the ruler will stop their relative motion. At this moment the other finger starts 
sliding along the ruler towards the center. This process repeats until the fingers meet at the center of 
the ruler. 


The planet is in motion around the sun, and thus has momentum and kinetic energy of its own. The 
spacecraft is directed to cross the planet's orbit behind it, so that the planet's gravity has a 
component pulling forward on the spacecraft. Since this is an elastic collision, and the velocity of the 
planet remains nearly unchanged, the probe must both increase speed and change direction for both 
momentum and kinetic energy to be conserved. 
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Q9.22 No—an external force of gravity acts on the moon. Yes, because its speed is constant. 


Q9.23 The impulse given to the egg is the same regardless of how it stops. If you increase the impact time 
by dropping the egg onto foam, you will decrease the impact force. 


Q9.24 Yes. A boomerang, a kitchen stool. 


Q9.25 The center of mass of the balls is in free fall, moving up and then down with the acceleration due to 
gravity, during the 40% of the time when the juggler's hands are empty. During the 60% of the time 
when the juggler is engaged in catching and tossing, the center of mass must accelerate up with a 
somewhat smaller average acceleration. The center of mass moves around in a little circle, making 
three revolutions for every one revolution that one ball makes. Letting T represent the time for one 
cycle and F, the weight of one ball, we have Fj0.60T =3F,T and F; =5F,. The average force exerted 


by the juggler is five times the weight of one ball. 

Q9.26 In empty space, the center of mass of a rocket-plus-fuel system does not accelerate during a burn, 
because no outside force acts on this system. According to the text's "basic expression for rocket 
propulsion,’ the change in speed of the rocket body will be larger than the speed of the exhaust 
relative to the rocket, if the final mass is less than 37% of the original mass. 

Q9.27 The gun recoiled. 

Q9.28 Inflate a balloon and release it. The air escaping from the balloon gives the balloon an impulse. 

Q9.29 There was a time when the English favored position (a), the Germans position (b), and the French 
position (c). A Frenchman, Jean D’Alembert, is most responsible for showing that each theory is 


consistent with the others. All are equally correct. Each is useful for giving a mathematically simple 
solution for some problems. 


SOLUTIONS TO PROBLEMS 


Section 9.1 Linear Momentum and Its Conservation 


P9.1 m -3.00 kg, v - (3.00i - 4.00j) m/s 


(a) p = mv - (9.00i - 12.0) kg -m/s 


Thus, | Px =9.00 kg:m/s | 


and | p, 7 -120 kg-m/s 


( | p-Jplepl-|(9.00) «(120)? -[15.0 kg-m/s 


szunt 1) tan 1.33) =| 307° 
p 


x 
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P9.2 (a) At maximum height v =0, so p=] 0 |. 


(b) Its original kinetic energy is its constant total energy, 
1 2 1 2 
K; = gm z (0.100)kg (15.0 m/s) -112]. 


At the top all of this energy is gravitational. Halfway up, one-half of it is gravitational and 
the other half is kinetic: 


K =5.62J= 5 (0100 kg)v? 


pe [OA an els 
0.100 kg 


Then p — mv = (0.100 kg)(10.6 m/s)j 


p =| 1.06 kg-m/sj ; 


P9.3 I have mass 85.0 kg and can jump to raise my center of gravity 25.0 cm. I leave the ground with 
speed given by 
v? - o? = 2a(x, -x;): 0- v? =2(-9.80 m/s?)(0.250 m) 
v; = 2.20 m/s 
Total momentum of the system of the Earth and me is conserved as I push the earth down and 
myself up: 
0=(5.98 x 10% kg}o, + (85.0 kg)(2.20 m/s) 
P9.4 (a) For the system of two blocks Ap =0, Fa o 
| mm. ]| 3M 
MAIS e 
or Pi=Pf Before 
(a) 
Therefore, 0 = Mv „ +(3M)(2.00 m/s) 
Solving gives Vm =| —6.00 m/s | (motion toward the 
left). 
12 Degg 


(b) gk = 5 Mon + 6Myoly =| 8.40J 


FIG. P9.4 
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2 2 
P9.5 (a) The momentum is p = mv, so v= P and the kinetic energy is K = z mv’ = : m|^.| =| |. 
m 2 2 \m 2m 
(b) Kai implies v= ,|—~, so p=mv=m,|—~ = 2mK |. 
2 m m 
Section 9.2 Impulse and Momentum 
*P9.6 From the impulse-momentum theorem, F(At) = Ap = mv j mij, the average force required to hold 
onto the child is 
5. m(vr-9;j (12kg)(0—60 mi/h 
_ (os) (2kgQ0-60 mi) 1 mys |. a0? N. 
(At) 0.050 s- 0 2.237 mi/h 
Therefore, the magnitude of the needed retarding force is | 6.44x 10° N |, or 1 400 Ib. A person 
cannot exert a force of this magnitude and a safety device should be used. 
P9.7 (a) is | Fat = area under curve FON) 
20000 
I- * (1.50 x10? s](18 000 N) - [135 N:s 12009 
2 10000 
DEN 5000 
(b) =~? -[900kN n 
1.50 x10% s 
FIG. P9.7 
(c) From the graph, we see that E, =| 18.0 kN 
. TRE 1 2 T 1 2 
*P9.8 The impact speed is given by p = mgy,. The rebound speed is given by mgy; = LU The 


impulse of the floor is the change in momentum, 


mv, up-mo, down 2 m(v; +v) up 
= m| 2h; t J2gh, ) up 
= 0.15 kg,|2(9.8 m/s”)(/0.960 m + /1.25 m) up 


=| 1.39 kg-m/s upward | 
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P9.9 Ap - FAt 
Ap, = m(v fy - vy) = m(v cos 60.0°) — mv cos 60.0? = 0 
Ap, = m(—v sin 60.0?—v sin 60.0°) = —2mv sin 60.0° 
= —2(3.00 kg)(10.0 m/s)(0.866) 


=-52.0 kg. m/s 
E sno PAD ee FIG. P9.9 
At 0.200 s 
P9.10 Assume the initial direction of the ball in the —x direction. 


(a) Impulse, I= Ap = p; - p; = (0.060 0)(40.0)i — (0.060 0)(50.0)(-i) =| 5.401 N -s 


(b ^ Work-K;-K,- (0.060 0){(40.0)” 5 (50.0)*] =| -270] 


P9.11 Take x-axis toward the pitcher 


(a) Die tl, pg: (0.200 kg)(15.0 m/s)(— cos 45.09) + I, = (0.200 kg)(40.0 m/s) cos 30.0? 
1, =9.05 N-s 
Py t1y =P py: (0.200 kg)(15.0 m/s)(- sin 45.0°) + I, = (0.200 kg)(40.0 m/s) sin 30.0° 


I- | (9.05i+6.12j) N-s 


(b) I= E +F,, (4.00 ms)  F,, (20.0 ms) + ZF, (4.00 ms) 


F, x 20x10? s=(9.05i +6.12) N-s 


F, =| (377i + 255) N 
P9.12 If the diver starts from rest and drops vertically into the water, the velocity just before impact is 
found from 


1 
5 Vimpact +0=0+ mgh => UVimpact = «| 2gh 


With the diver at rest after an impact time of At, the average force during impact is given by 


Fe m(0— Vimpact ) T =m 2gh öt F=- m J2gh 


h 
zi (directed upward). 
At At At 


Assuming a mass of 55 kg and an impact time of ~ 1.0 s, the magnitude of this average force is 


_ (55 kg) 2(98 m/s?J10 m) 
3 7 1.0 s 


=770 N,or| —10? N |. 
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P9.13 The force exerted on the water by the hose is 


-mv; (0.600 kg)(25.0 -0 
F= AP water = mor "ne - ( eX m/s) = 15.0 N ; 
At At 1.00 s 


According to Newton's third law, the water exerts a force of equal magnitude back on the hose. 
Thus, the gardener must apply a 15.0 N force (in the direction of the velocity of the exiting water 
stream) to hold the hose stationary. 


*P9.14 (a) Energy is conserved for the spring-mass system: 


K; +U, 2 Kp +Uy: 07k = 7 mv" +0 
[k 
v= x, |— 
m 


(b) From the equation, a | smaller | value of m makes v = 2H larger. 
m 


mo, 0 nx xy km 
m 


(d) From the equation, a | larger | value of m makes I = xy km larger. 


(c) I=|p; Pi 


(e) For the glider, W =K; -K; = n 0- i kx 


The mass makes | no difference | to the work. 


Section 9.3 Collisions in One Dimension 
P9.15 (200 g)(55.0 m/s) = (46.0 g)o + (200 g)(40.0 m/s) 


v=| 65.2 m/s 


*P9.16 — (m,v, +my02), - (mv, +202) 


E ©) 
22.5 g(35 m/s) 300 g(-2.5 m/s) = 22.5 gv, , +0 E> 
37.5 g-m/s ] 
vif =— 2 E] 1.67 m/s 
225g 


(8) =— 


] \ 


FIG. P9.16 
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P9.17 Momentum is conserved 
(10.0 x10? kg)o =(5.01 kg)(0.600 m/s) 


v=| 301 m/s 


P9.18 — (a) moy; +3mv,; = 4mo, where m= 2.50 x 10* kg 


4.00 + 3(2.00) 
v= F =| 2.50 m/s 


(b) K, -Ki = (Ayo? - mi + myo}, |- (20 10*]a25 8.00 —6.00) =| -375x10* J 


2 


P9.19 (a) The internal forces exerted by the actor do ee 
not change the total momentum of the SSS 
m m m m 


system of the four cars and the movie actor 2.00 m/s EG 


(4m)v; =(3m)(2.00 m/s) +m(4.00 m/s) SSS SS e 


„, 600 m/s +400 m/s _ 


i 2.50 m/s 
4 FIG. P9.19 
1 2 2] 1 2 
b)  Wa,-K;-K;- 5 [62.00 m/s)” +m(4.00 m/s) l5 m)(2.50 m/s) 
(2.50 x 104 kg) " 
Wactor == — (120 + 16.0 ~ 25.0)(mn/s)” = [375 KJ 
(c) The event considered here is the time reversal of the perfectly inelastic collision in the 


previous problem. The same momentum conservation equation describes both processes. 


P9.20 7, speed of mat B before collision. 
Tera 
—mjv-mgh 
z "101 18 


o, = ,{2(9.80)(5.00) = 9.90 m/s 


7, f, Speed of m, at B just after collision. 


m; -—-m» 1 


Vy = ie v= s (9.90) m/s = -3.30 m/s FIG. P9.20 
At the highest point (after collision) 
2 
—3.30 m/s 
m gh. = 51m (-3.30)° hax ( /s) 0.556 m 


i 2 (9.80 m/s?) ji 


P9.21 


*P9.22 


P9.23 


Chapter 9 


(a), (b) Let v, and v, be the velocity of the girl and the plank Initial 


relative to the ice surface. Then we may say that v, — v, is motion 
f . . ary diagram Vj 
the velocity of the girl relative to the plank, so that 
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U, — V, =1.50 (1) | 
. Final 
But also we must have m g?g +M,v, =0, since total motion 
momentum of the girl-plank system is zero relative to the diagram 
ice surface. Therefore 
M 
45.0v, - 150v, 20, or v, = —3.33v 
8 p 8 p 759 kg 
Putting this into the equation (1) above gives 
? d ©) £ FIG. P9.21 
-3.33v, - v, = 1.50 or v, =| -0.346 m/s 
Then v, = -3.33(-0.346) =| 1.15 m/s 
For the car-truck-driver-driver system, momentum is conserved: 
Pii + Poi Pip +P2/: (4000 kg)(8 m/s)î + (800 kg)(8 m/s)-i) = (4800 kg)o ji 
2 kg: 
v= ee = 5.33 m/s 
4800 kg 
For the driver of the truck, the impulse-momentum theorem is 
FAL =p, -pi: F(0.120 s) = (80 kg)(5.33 m/s)i—(80 kg)(8 m/s)i 
F =| 1.78 x 10° N(-i) on the truck driver 
For the driver of the car, F(0.120 s) = (80 kg)(5.33 m/s)i - (80 kg)(8 m/s)(-i) 
F =| 8.89 x 10? Ni on the car driver |, 5 times larger. 
(a) According to the Example in the chapter text, the fraction of total kinetic energy transferred 


to the moderator is 


p 4mm 


(m, +m)" 


where m, is the moderator nucleus and in this case, m, =12m, 


| Am,(12mi) 48 


y T 0.284 or 28.4% 
13m, 


h 


of the neutron energy is transferred to the carbon nucleus. 


(b) Ke =(0.284)(1.6x10™ J) =| 454x10 J 


K, = (0.716.610? J) 


115x10” J 
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P9.24 


P9.25 


P9.26 


Linear Momentum and Collisions 


Energy is conserved for the bob-Earth system between bottom and gu ee 
top of swing. At the top the stiff rod is in compression and the bob ES 
nearly at rest. \ 

1 ©) 

/ 

K;+U;=K;+U;: — zMog +0=0+Mg20 M ud 

2 ome S -1 au 

v = g4l so v, = 2 gt [A 7 v/2 
Momentum of the bob-bullet system is conserved in the collision: FIG. P9.24 


v 4M 
mv = m= M(2 gr) v s yet 
At impact, momentum of the clay-block system is conserved, so: 
mo, = (m, +m, v3 


After impact, the change in kinetic energy of the clay-block-surface 
system is equal to the increase in internal energy: 


Ms 7.50 m->| 


1 
zm +m)v5 = fd = u(m4, * m; )gd 


1 e 2 

5 (0:112 kg)od = 0.650(0.112 kg)(9.80 m/s*)(7.50 m) HG ness 
02 = 95.6 m?/s? v, 29.77 m/s 

(12.0 x10? kg}o, - (0.112 kg)(9.77 m/s) v, -|91.2 m/s 


We assume equal firing speeds v and equal forces F required for the two bullets to push wood fibers 
apart. These equal forces act backward on the two bullets. 


For the first, Ki + AEmecn = K, (7.00 x10? kg]}v? - F(8.00 x10 m)=0 
For the second, =p (7.00 x 10? kg)o = (1.014 kg)v, 
(7.00 x10? o 
"7 104 — 
Again, K; +AE mech = Kg: (7.00 x10? kg)? -Fd = BT kg)o? 


dj? 
Substituting for v;, (7.00 x10? kg v? -FEd- goa eae 


1 (7:00 10)" 
2 1014 


| 700x107? 
1.014 


Fd = zo. x 10? v? 


Substitutingforo, Fd = F(8.00x 10 mf d-|7.94 cm 


*P9.27 (a) 
(b) 
Section 9.4 
P928 (a) 
(b) 


Using conservation of momentum, (JP) pe =(UP) perro” gives 


Chapter 9 


[(4.0 +10 +3.0) kg]o = (4.0 kg)(5.0 m/s) - (10 kg)(3.0 m/s) +(3.0 kg)(-4.0 m/s). 


Therefore, v = 42.24 m/s, or | 2.24 m/s toward the right l. 


move with a speed given by solving 


No |. For example, if the 10-kg and 3.0-kg mass were to stick together first, they would 


(13 kg)v = (10 kg)(3.0 m/s) + (3.0 kg)(-4.0 m/s), or v, = 4138 m/s. 


Then when this 13 kg combined mass collides with the 4.0 kg mass, we have 


(17 kg)v = (13 kg)(1.38 m/s)+ (4.0 kg)(5.0 m/s), and v = 42.24 m/s 


just as in part (a). Coupling order makes no difference. 


Two-Dimensional Collisions 
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First, we conserve momentum for the system of two football players in the x direction (the 
direction of travel of the fullback). 


where @is the angle between the direction of the final velocity V and the x axis. We find 


90.0 kg)(5.00 m/s)+0=(185 kg)V cos@ 
5 


Vcos@= 2.43 m/s 


(1) 


Now consider conservation of momentum of the system in the y direction (the direction of 


travel of the opponent). 


which gives, 


Divide equation (2) by (1) 


From which 


Then, either (1) or (2) gives 


K;= 5 (900 kg)(5.00 m/s)” «950 kg)(3.00 m/s)? 2155 x 10° J 


(95.0 kg (3.00 m/s) +0 = (185 kg)(V sin 0) 


Vsin@=1.54 m/s 


tan 0 = —— = 0.633 
2.43 


1.54 


0 = 32.3? 


V= 


2.88 m/s 


1 2 
K;= 5 (185 kg)(2.88 m/s) 27.67 x10? J 


Thus, the kinetic energy lost is 


783 J into internal energy. 


(2) 
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P9.29 


P9.30 


Linear Momentum and Collisions 


Pu = Pxi 
mvo cos37.0*--mv, cos53.0°=m(5.00 m/s) o 


0.7990 4 0.6020, =5.00 m/s (1) vi 7 5.00 m/s 6x 


Pyr = Pyi O—---& Hag seey iens 


mvo sin37.0°—mvy sin 53.0? - 0 


0.6020, =0.799vy (2) " 


Solving (1) and (2) simultaneously, Em 
before after 


Vvo =3.99 m/s | and | vy =3.01 m/s l. 


FIG. P9.29 
Dag = Pri mvo cos 0 + mo, cos(90.0?—0) = mv; © be -— 
Before © 
Vo cos 0 + vy sin A= v; (1) o 
Py = Pyi: mvo sin 0 — mo, sin(90.0°-8) =0 P 
Alter od 9 
` 90-8 
Vo sin 0 = vy cos 0 (2) X 
From equation (2), iT 
cos Vy 
Uo = zi 2 (3) 
sin 0 
FIG. P9.30 


Substituting into equation (1), 


cos? 0 : 
Uy nd + Vy sind = vj 


so vy (cos? 0+ sin? 0) =0;sin0, and Uy =; sing |. 


Then, from equation (3), | vo = v; cosé@ |. 


We did not need to write down an equation expressing conservation of mechanical energy. In the 
problem situation, the requirement of perpendicular final velocities is equivalent to the condition of 
elasticity. 


P9.31 


P9.32 
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The initial momentum of the system is 0. Thus, 
(1.20m)og; = m(10.0 m/s) 
and vg; = 8.33 m/s 
K;= gano m/s)” +Z (1.20m)(8.33 m/s)” = ;"(se m?/s?) 
K,- zn)" e :20mYos - ELS m? f) 
or và 41.2002 2917 m?/s? (1) 
From conservation of momentum, 
mvg — (1.20m)vg 
or vg 212005 (2) 
Solving (1) and (2) simultaneously, we find 


Ug =7.07 m/s | (speed of green puck after collision) 


and Ug =5.89 m/s | (speed of blue puck after collision) 


We use conservation of momentum for the system of two vehicles (North) / 
for both northward and eastward components. T 


For the eastward direction: 


M(13.0 m/s) = 2MV, cos55.0° 


For the northward direction: 


Mo; = 2MV, sin 55.0° FIG. P9.32 


Divide the northward equation by the eastward equation to find: 


75; = (13.0 m/s) tan55.0°=18.6 m/s =) 41.5 mi/h 


Thus, the driver of the north bound car was untruthful. 
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P9.34 


P9.35 


P9.36 


Linear Momentum and Collisions 


By conservation of momentum for the system of the two billiard 


balls (with all masses equal), 4.33 m/s 
5.00 m/s+0=(4.33 m/s)cos30.0°+09 s re a 
755 =1.25 m/s ge oe 
0=(4.33 m/s)sin30.0°+09 j, Vor 


75g, =—2.16 m/s 


V5, =| 2.50 m/s at —60.0° FIG. P9.33 


Note that we did not need to use the fact that the collision is perfectly elastic. 


(a) Pi=Pp SO Pxi = Pr 


and Py = Py 
mv; = mv cos 0 + mv cos ¢ (1) 
0 = mvsin 0 + mvsinġ (2) O-— 
From (2), sing = —sinó 
so 0=-¢ 


Furthermore, energy conservation for the system 
of two protons requires 


—45.0° 


=m? =—mv" +—mv 
- FIG. P9.34 
so [^ BÀ 
(D Hence, (1) gives v; = ae 0 - | 45.0° b= 
MV1; mv = (m, + m;)v y: 3.00(5.00)i — 6.00 = 5.00v 
v =| (3.001 —1.20j) m/s 


x-component of momentum for the system of the two objects: 


Pix + Paix = Pie + P2fe* -mv; +3mv; =0+3mv2, 
y-component of momentum of the system: 00-7 -mo,, + 3mv;, 
' : 1 > 1 A 2 1 2 2 

by conservation of energy of the system: + 7 mo; + 5 3mv; 5 Toi, + 5 3m(v$, + Ca) 

2v; 
we have Vo, = E 
also Ury 7305, 
So the ener ation becom PN PECES 

o the energy equation becomes i er 05, 
8v; 
x -120, 

42v; 

Or U2y = 3 


continued on next page 
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(a) The object of mass m has final speed vı, = 302, = 42v; 


: 4v? 2v? 
and the object of mass 3 m movesat — Jo2, + vj, = 9 + 3 


2 
[cn =| on 
| ?2 las. 3 
b 0 -tan !| —- 0-tan ! i 35.3° 
(b) an | | an 3 2, 


U2x 
-27 MI 
P9.37 mo -17.0x10 ^ kg v; =0 (the parent nucleus) A 
-27 65 mi 
m, =5.00x10 kg vı =6.00 x 10°j m/s i de. 
m, =8.40x10 7 kg v5 2400x105 m/s vi co o" 
Original Final 
(a) M1V1+MzV_+M3V3 =0 
where m3 =m -m -m, =3.60 x 10 7 kg FIG. P9.37 


^ 


(5.00 x 107 (6.00 x 1055) + (8.40 x 10?" (4.00 x 1051) + (3.60x 1077); =0 


v; =| (-9.33 x 10°i-8.33 105j) m/s 


1 1 1 


E= z(e% x 10-27 (6.00 x 10°)” + (8.40 x 107? \(4.00 x 10°)” + (3.60 x107 (12.5 x 10°) | 


E-439x10 P? J 


Section 9.5 The Center of Mass 


P9.38 The x-coordinate of the center of mass is 


"D 0+0+0+0 
CM Sm, (2.00 kg + 3.00 kg + 2.50 kg + 4.00 kg) 


and the y-coordinate of the center of mass is 


| Vimy; _ (2.00 kg)(3.00 m) + (3.00 kg)(2.50 m) + (2.50 kg)(0) + (4.00 kg )(—0.500 m) 
TEM TUS 2.00 kg + 3.00 kg 2.50 kg + 4.00 kg 


Yom =1.00 m 
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*P9.40 


P9.41 
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Take x-axis starting from the oxygen nucleus and pointing toward the 
middle of the V. 


Then Yom =0 


mix T 
ym; 


_ 0 1.008 u(0.100 nm)cos53.0°+1.008 u(0.100 nm) cos 53.0? 
15.999 u + 1.008 u + 1.008 u 


and XcM = 


XCM 


Xcm = 0.006 73 nm from the oxygen nucleus 


Let the x axis start at the Earth’s center and point toward the Moon. 


mx, +mx, 5.98% 10% kg 0+7.36 107 kg(3.84 x 10° 


FIG. P9.39 


m) 


x 
= mı ms 6.05 x 10™ kg 


4.67 x 10° m from the Earth’s center 


The center of mass is within the Earth, which has radius 6.37 x 10° m. 


Let A, represent the area of the bottom row of squares, A, (em) 
the middle square, and A; the top pair. 


30 -——— 
A=A,+A,+A3 | Hii 
M-M,-M5;-*Mgj 20 r = MEX 
S CPU i 
Ay A 10É — > 
A4 =300 cm?, A, =100 cm?, A, = 200 cm?, A = 600 cm? o I 
Ai) 300cm? M 
x =| A ) 600 em? 2 10 20 30 MM 
2 
M, -M2 ) HO RUP yM FIG. P9.41 
A) 600cm? 6 
2 
Ms -v(5)- 200 em nus 
AJ 600cm 3 
" x,M,+x,M,+x,M, 15.0 cm(4M)+5.00 cm(4 M) 10.0 cm(4 M) 
CM — = 


M M 


Xcm 7| 117 cm 


IM(5.00 cm) +4M(15.0 cm) +(4M)(25.0 cm) 
Yom = M =13.3 cm 


Yom =| 13.3 cm 


Chapter9 267 


*P9.42 (a) Represent the height of a particle of mass dm within the object as y. Its contribution to the 
gravitational energy of the object-Earth system is (dm)gy. The total gravitational energy is 


u- J ay dm - g]ydm. For the center of mass we have you = xr [ ydm, so U, = gMycy. 


all mass 


(b) The volume of the ramp is 564 m)(15.7 m)(64.8 m) = 1.83 x 10? m?. Its mass is 
pV- (3 800 kg/m? (1.83 x 10? m?) — 6.96 x 105 kg. Its center of mass is above its base by one- 


third of its height, yc = 5157 m-5.23 m. Then 
U, = Mgycy = 6-96 x 105 kg(9.8 m/s?)5.23 m=] 357 x 10* J |. 


0.300m 0.300 m 
P9.43 (a) M= J adx = [50.0 g/m-+ 20.0x g/m? fax 
0 0 


M =[500x g/m+100x? g/m" =[159 g 


[dm 0.300 m 0.300 m 


1 
(b) xc, dmm — -—  [Axdx-— Í|50.0x ¢/m+20.0x? g/m? dx 


2, 70-300 m 


3 
20x? g/m =/0.153 m 


1 2 
=| 25.0 + 
XCM 159g x” g/m 


0 


1 
*P9.44 Take the origin at the center of curvature. We have L = um F y 


r= a An incremental bit of the rod at angle @ from the x axis has 


1 
mass given by on M , dm= Bur d@ where we have used the 
rdð L L 0 


definition of radian measure. Now x 


1 1 138° Mr r2 138° 
Yom = — Jydm =— Jrsino—do=— Jsinodo FIG. P9.44 
M all mass M 0-45? L L 45? 


-(2) ies - 51 l + 1 E 
EUIS 42 42 : 


mT 


2 
45 T 


The top of the bar is above the origin by r = ak so the center of mass is below the middle of the bar 
1 


2L un. 2 auo 
a E 2t > |- 0.063 5L |. 
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Section 9.6 Motion of a System of Particles 
B DM _ MV1 tmv, 
M M 
(2.00 kg)(2.00i m/s—3.00j m/s) +(3.00 kg)(1.00i m/s--6.00j m/s) 
5.00 kg 


P9.45 (a) Vom 


vou =! (1.404 + 2.40j) m/s | 


(D ^ p=Mvy = (5.00 kg)(1.40i + 2.40j) m/s =| (7.001 + 12.0j) kg m/s | 


P9.46 (a) See figure to the right. 


(b) Using the definition of the position vector at the center of mass, 
ftem 5 — 
(2.00 kg)(1.00 m, 2.00 m) + (3.00 kg)(-4.00 m, -3.00 m) 
"S 
M 2.00 kg +3.00 kg 


rey =| (22001 - 1.005) m 


(c) The velocity of the center of mass is 


g -P _myitmv _ (2.00 kg)(3.00 m/s, 0.50 m/s)+ (3.00 kg)(3.00 m/s, -2.00 m/s) 
CUM m+m, (2.00 kg +3.00 kg) 


vou - (3.004 —1.00j) m/s 


(d) The total linear momentum of the system can be calculated as P = Mvcyy 
Or as P-myv,tmyv, 
Either gives P =| (1501 —5.00j) kg m/s 
P9.47 Let x= distance from shore to center of boat 


L= length of boat 
x'= distance boat moves as Juliet moves toward Romeo 
The center of mass stays fixed. 


[M,x-+M(x-4)+Ma(x+4)| 


Before: xq = 


(My +M; +Mz) FIG. P9.47 
Hs [Ms(x- x) Mj(x* $7 x) e Ma(x $727) 
ter: = 
or XM (Ms +M,+Mx) 
{- 32 72) w 80.0 — 55.0 77.0)+=(55.0+770) 


_ 55.02 55.0(270) _ 
212 212 


[ 


0.700 m 


P948 (a) 
(b) 
Section 9.7 
P9.49 (a) 
(b) 
*P9.50 (a) 
(b) 
P9.51 
(a) 
(b) 


Chapter 9 
Conservation of momentum for the two-ball system gives us: 
0.200 kg(1.50 m/s) + 0.300 kg(—0.400 m/s) = 0.200 kg v, s - 0.300 kg v5, 
Relative velocity equation: 


Vaf —Ugf -1.90 m/s 


Then 0.300 — 0.120 = 0.2002, ; + 0.300(1.90 + vp) 
7; =—0.780 m/s Vo, = 1.12 m/s 
vi; 7 -0780i m/s vaf = 112i m/s 


0.200 kg)(1.50 m/s)i + (0.300 kg)(—0.400 m/s)i 
g g 
0.500 kg 


Before, Vom = 


vcm = (0.360 m/s)i 
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Afterwards, the center of mass must move at the same velocity, as momentum of the system 


is conserved. 


Rocket Propulsion 


m Thrust - (2.60 10? m/s)(1.50 x 10* kg/s)=| 3.90 x107 N 


Thrust = 


È F, =Thrust-Mg=Ma: — 3.90x 10” — (3.00 x 10°)(9.80) = (3.00 x 10° Ja 


a=| 3.20 m/s* 
12.7 
The fuel burns at a rate D E 6.68x10? kg/s 
dt 1.90s 
Thrust = v, a 5.26 N=v,(6.68 x10? kg/s) 
v, =| 787 m/s 
à 25.5 
7; —0; 2v, 1n E v, -0- (797 ZI ee 6 | 
M; 53.5 g + 25.5 g -12.7 g 
7, =| 138 m/s 
f 
M; =e" M, M, - (8.00 x 10° kg) - 44510 kg 


The mass of fuel and oxidizeris AM = M; - M, = (445 - 3.00) x 10? kg =| 442 metric tons 


AM = e? (8.00 metric tons) — 3.00 metric tons =| 19.2 metric tons 


Because of the exponential, a relatively small increase in fuel and/or engine efficiency causes 


a large change in the amount of fuel and oxidizer required. 
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i 


P9.52 (a) From Equation 9.41, v- 0 =v, | 
f 


M; -kt 


Now, M; =M; -kt, so v= zi 


M. 
With the definition, T, = 7 , this becomes 


M M 
F =—v,ln 
J=-vet 


M 


f 


| 


jor 
M. 


1 


i 


| 


e(t) 


(b) With v, 21500 m/s, and T, =144s, v= -(1500 m/sn(1 ES 
S 
t(s) | v(m/s) ae) 
o o 4000 A+++ 
— es se 
20 | 224 a NENNEN ETIN 
40 | 488 DD Gone deca de ae 
60 | 808 2000 4m 
— 1500 qpeeReeRRnniÁS B n8 
80 | 1220 SIME ERES ao MEN 
100 | 1780 RAN. o enne DU e 
120 | 2690 E vo UM 
132 | 3730 FIG. P9.52(b) 
m EMEN 
do al 7e (1 T, J 1 1 Ve 1 
CE E dt tot ef le lie 
T p PAC T 
Ü 
a(t) - £ 
-| 
1 
(d With», =1500 amjs, and T, 1445, 45 1200 1S 
P 144 s-t 
t(s) a(m/s?) a (m/s?) 
0 | 104 
20| 121 
40| 144 
60 | 179 
80 | 234 
100| 341 
120| 62.5 
aa a FIG. P9.52(d) 


continued on next page 


*P9.53 


t)=0 [oat f inte A T, fin 1- E 
ü S Es E. i T, s T, Tp 


x(t) =| v.(T, LI es 


(f) With v, 21500 m/s- 1.50 km/s, and T, =144s, 


x = 1.50(144 - Difa = xx) +1.50t 
144 


Chapter 9 


t(s) | x(km) 

0 0 

20 | 2.19 

40 | 9.23 

60 | 221 

80 | 422 

100| 717 

120| 115 
132 | 153 ca 


The thrust acting on the spacecraft is 


T T 
[e] [e] [e] 
Kel oo e 

v 


FIG. P9.52(f) 


F-ma: F - (3500 kg)(2.50 x 10 (9.80 m/s?) 2 858x102? N 
g 
thrust (EE e 858x107? N= s Jo /s) 
S 


-[441 kg 


[e] 
N 
kaan) 


140 4 
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Additional Problems 


P9.54 


(a) 


(b) 


(c) 


When the spring is fully compressed, each cart moves with same velocity v. Apply 
conservation of momentum for the system of two gliders 


mV, TV» 
Pi=Py: mv, mv =(m,+m2)v vet 4 2 


mı tm» 


1 
Only conservative forces act, therefore AE =0. 7 miU? : M405 = : (m,+m,)v? + eh 
Substitute for v from (a) and solve for x,,. 


2 2 
"m (m, -m;)mv; (m +m )ma05 - (m01) -(ma3v;) -2m,m5vv; 


di k(m, m5) 
mym (oy +03 - 20,02) mm, 
Xm = =| (v1 - v3) 
k(m, +m3) k(m, +m) 
Conservation of momentum: mi(v - vif) = my(vay - v2) (1) 
Conservation of energy: 1 2,1 2_1 2,1 2 
gy: zi Poa sita a 

which simplifies to: m ( 2 cu J= 2 v2 

P : 10091 — Vig |= M2|V2f — V2 
Factoring gives milya vag tvar) malvar va (var +v) 


and with the use of the momentum equation (equation (1)), 
this reduces to (vi *vir)7 (va; * v3) 
Or Vif =V2f +V2 -V1 (2) 


Substituting equation (2) into equation (1) and simplifying yields: 
2 z 
oe [eh (m, 
mı +m, mı +m, 
Upon substitution of this expression for v;, into equation 2, one finds 
- 2 
m E - Ig [n y: 
mı +m, mı +m, 


Observe that these results are the same as Equations 9.20 and 9.21, which should have been 
expected since this is a perfectly elastic collision in one dimension. 
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P9.55 (a) (60.0 kg)4.00 m/s = (120 + 60.0) kgv 60.0 kg d, 400 m/s 
v, 2/133 m/si 
(b) SUE 5204 1 — (60.0 kg)9.80 m/s? =0 
fy = uin = 0.400(588 N) = 235 N 
f =| -235 Ni FIG. P9.55 
(c) For the person, p; + 1 =p, 
Hoi t Ft "x mo, 
(60.0 kg)4.00 m/s- (235 N)t = (60.0 kg)1.33 m/s 
t=| 0.680 s 
(d) ^ person: mv p — mv; = 60.0 kg(1.33 — 4.00) m/s =| -160 N -sî 
cart: 120 kg(1.33 m/s) -0 - | +160 N-si 
(e) Xy-x- Lo, +0; |t= 1[(400 + 1.33) m/s]0.680 s =| 1.81 m 
2 2 
(f) Xy-xj- Lo, +0, |t= l(o +1.33 m/s)0.680 s =| 0.454 m 
2 2 

(g) "mj Pme - ;600 kg(1.33 m/s)” -Z600 kg(4.00 m/s)? - | 427] 

(h) =m} =m} - 1200 kg(133 m/s) -0- [107] 

(i) The force exerted by the person on the cart must equal in magnitude and opposite in 
direction to the force exerted by the cart on the person. The changes in momentum of 
the two objects must be equal in magnitude and must add to zero. Their changes in 
kinetic energy are different in magnitude and do not add to zero. The following 
represent two ways of thinking about ’why.’ The distance the cart moves is different 
from the distance moved by the point of application of the friction force to the cart. 
The total change in mechanical energy for both objects together, —320 J, becomes 
+320 J of additional internal energy in this perfectly inelastic collision. 

v? sin 20 
P9.56 The equation for the horizontal range of a projectile is R = ——— ——. Thus, with 0 = 45.0°, the initial 


velocity is 


v; = [Re = Jeo m)(9.80 m/s?) - 443 m/s 
I-F(At) 2 Ap = mo; - 0 


Therefore, the magnitude of the average force acting on the ball during the impact is: 


_ . (46.0x10 ke \(44.3 m/s 
mv; | sid /s) | INI. 
At 7.00x10 7 s 


274 
P9.57 


P9.58 
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We hope the momentum of the wrench provides enough recoil so that the astronaut can reach the 
ship before he loses life support! We might expect the elapsed time to be on the order of several 
minutes based on the description of the situation. 

No external force acts on the system (astronaut plus wrench), so the total momentum is constant. 
Since the final momentum (wrench plus astronaut) must be zero, we have final momentum = initial 
momentum = 0. 


T wrench Ü wrench + M astronaut astronaut = 0 


m (0.500 kg)(20.0 m/s) 


astronaut 80.0 kg 
At this speed, the time to travel to the ship is 


wrench Ü wrench = 
m 


Thus Vastronaut — = —0.125 m/s 


= _ 30.0 m_ =| 240 s |= 4.00 minutes 
0.125 m/s 


The astronaut is fortunate that the wrench gave him sufficient momentum to return to the ship in a 
reasonable amount of time! In this problem, we were told that the astronaut was not drifting away 
from the ship when he threw the wrench. However, this is not quite possible since he did not 
encounter an external force that would reduce his velocity away from the ship (there is no air 
friction beyond earth's atmosphere). If this were a real-life situation, the astronaut would have to 
throw the wrench hard enough to overcome his momentum caused by his original push away from 
the ship. 


Using conservation of momentum from just before to just 
after the impact of the bullet with the block: 


mo; -(M* myo, 
or s (Et, (1) 
m 


The speed of the block and embedded bullet just after 
impact may be found using kinematic equations: 


d=v,t and hog 


[ 12 
Thus, t = 2h and v; 25 -d 5 - gd 
g t 2h 2h 


d 2 
Substituting into (1) from above gives v; = E z J 


m 


FIG. P9.58 
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*P9.59 (a) Conservation of momentum: 


0.5 kg(2i-3j+1k) m/s +15 kg(-1i+2j-3k) m/s 


= 05 kg[-1i «3j - 8k) m/s+15 kg v5 


(-0.5i+1.5j-4k) kg m/s +(0.5i-1.5j+ 4k) kg -m/s 
1.5 kg j 


Vaf = 


The original kinetic energy is 


505 kg(2? +3? +17) m?/s? +15 kg(1? +2? +37) m?/s? 2140] 


The final kinetic energy is 505 kg(1? 32.4 8?) m?/s? +0=18.5 J different from the original 


energy so the collision is | inelastic |. 


(b) We follow the same steps as in part (a): 
(-0.51+1.5j-4k) kg-m/s=0.5 kg(-0.25i + 0.75j-2k) m/s+1.5 kg vo, 
(-0.5i+1.5j—4k) kg m/s « (0.1251 - 0.375j 1k) kg-m/s 
15 kg 


Vaf 


- (-0.250i + 0.750 — 2.00k) m/s 


We see v5, = v1 f, so the collision is | perfectly inelastic |. 


(c) Conservation of momentum: 
(-05i * 15j - 4k) kg m/s — 0.5 kg(-1i * 3j * ak) m/s +15 kg v5, 
(-05i t 15j x: 4k) kg -m/s+ (0.51 = 1.5) = 0.5ak) kg m/s 
15 kg 
(-2.67 - 0.333a)k m/s | 


Vor 


Conservation of energy: 
14.0 J= 505 kg(1? +3? +a?) m?/s? +515 kg(2.67 + 0.3332)” m?/s? 
= 2,5 J+0.25a7 +5.33 J +1.33a + 0.083 3a? 


0 =0.333a7 + 1.33a - 6167 


-1.33 41.33? — 4(0.333)(-6.167) 


0.667 
à — 2./4 or —6.74. Either value is possible. 


[a=2.74], vo, - (72.67 -0.333(2.74))k m/s =| -3.58k m/s 


-[a2 674], vs; - (72.67 - 0.333(-674))k m/s -| -0.419k m/s 


ü- 
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(a) 


(b) 


(a) 


(b) 


The initial momentum of the system is zero, which 
remains constant throughout the motion. 
Therefore, when m, leaves the wedge, we must 
have 


M20 wedge + M1 Vblock =0 Z 


or — (3.00 kg Owedge + (0.500 kg)(+4.00 m/s) =0 


SO Uwedge =| —0.667 m/s 


Using conservation of energy for the block-wedge- 
Earth system as the block slides down the smooth 
(frictionless) wedge, we have 


Vwedge 


Vblock = 4.00 m/s 


—> +x 


FIG. P9.60 


[K tock + Cereal p K wedge l = [Kua. + Uses + K ry 
i i f f 


or [0+m,gh]+0= E 4 J + Tm, (0.667) which gives | h=0.952 m |. 


Conservation of the x component of momentum for the cart-bucket-water system: 


mo; +0=(m+ pV)o golf EV, 
m 


Raindrops with zero x-component of momentum stop in the bucket and slow its horizontal 
motion. When they drip out, they carry with them horizontal momentum. Thus the cart 
slows with constant acceleration. 


P9.62 


Consider the motion of the firefighter during the three 
intervals: 


(1) before, (2) during, and (3) after collision with the 
platform. 


(a) 


(b) 
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While falling a height of 4.00 m, his speed changes 
from v; =0 to v, as found from 


AE - (K, «u;)- (K; -U;), or 


When the initial position of the platform is taken as 
the zero level of gravitational potential, we have 


lu = fhicos(180?) - 0 +0 + mgh 
2 FIG. P9.62 
Solving for v, gives 


_ rs fh mgh) _ | 2(-300(4.00) + 75.0(9.80)4.00) _ ong 


m 75.0 


During the inelastic collision, momentum is conserved; and if v, is the speed of the 
firefighter and platform just after collision, we have mv, - (m 4 M)v; or 


mio, _ 75.0(6.81) 
»m-«M 7504200 


U5 — 5.38 m/s 


Following the collision and again solving for the work done by non-conservative forces, 
using the distances as labeled in the figure, we have (with the zero level of gravitational 
potential at the initial position of the platform): 

AE=K,+U, Ug —K; -Us - Us, or 


1S7 


-fs=0+(m+M)g(=5)+ ks? - (m+ M)v? -0-0 


This results in a quadratic equation in s: 


2 000s? — (931)s + 300s -1 375 20 or | s2 1.00 m 


278 
*P9.63 
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(a) 


(b) 


(a) 


(b) 


(c) 
(d) 


Each object swings down according to 


mgR- mj MgR = Mo} v, = J2gR 

The collision: —mv, + Mv, = «(m * M)v; 

|. M-m 
M+m 


Uz 01 


Swinging up: Z +m)v3 =(M +m)gR(1—cos35°) 


2gR(1- cos35°)(M +m) =(M - m)J23R 
0.425M  0.425m = M- m 
1.425m = 0.575M 


ELM 4038 
M 


No change is required if the force is different. The nature of the forces within the system of 
colliding objects does not affect the total momentum of the system. With strong magnetic 
attraction, the heavier object will be moving somewhat faster and the lighter object faster 
still. Their extra kinetic energy will all be immediately converted into extra internal energy 
when the objects latch together. Momentum conservation guarantees that none of the extra 
kinetic energy remains after the objects join to make them swing higher. 


Use conservation of the horizontal component of 
momentum for the system of the shell, the cannon, 
and the carriage, from just before to just after the 
cannon firing. 


Pop = Pu M shell Vshel COS 45.0°+M cannon recoil = 9 
(200)(125) cos 45.0°+(5 000)0,e¢oi1 = 0 


or P recoil = -3.54 m/s FIG. P9.64 


Use conservation of energy for the system of the cannon, the carriage, and the spring from 
right after the cannon is fired to the instant when the cannon comes to rest. 


Imoa 5000)(-3.54)? 

Xmax = Lom X - m=/1.77m 
k 2.00 x 10 

E, max| = KX max F, max|= (2.00 10* N/mJ(177 m) =| 3.54x10* N 


No. The rail exerts a vertical external force (the normal force) on the cannon and prevents it 
from recoiling vertically. Momentum is not conserved in the vertical direction. The spring 
does not have time to stretch during the cannon firing. Thus, no external horizontal force is 
exerted on the system (cannon, carriage, and shell) from just before to just after firing. 
Momentum of this system is conserved in the horizontal direction during this interval. 


P9.65 
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(a) Utilizing conservation of Vii 
— 
momentum, 


4014 = (m, +m, Ug 
mı +m, 
via =——— 2h 
my 


014 =| 6.29 m/s 


(b) Utilizing the two equations, 


FIG. P9.65 


Zg =y and x =v14t 


we combine them to find 


x 
via 7 —— 
"E 
8 


From the data, v,4 =| 6.16 m/s 


Most of the 2% difference between the values for speed is accounted for by the uncertainty 
in the data, estimated as OU + DT 4 T 4 T 4 oT =11%. 
8.68 68.8 263 257 85.3 


The ice cubes leave the track with speed determined by mgy; = Qj ; 


v= /2(98 m/s? JL5 m =5.42 m/s. 


Its speed at the apex of its trajectory is 5.42 m/scos40°= 4.15 m/s. For its collision with the wall we 
have 


moi + FAt = moy 
0.005 kg 4.15 m/s + FAt = 0.005 ke 1415 m/s) 


FAt 2-312x10? kg-m/s 


The impulse exerted by the cube on the wall is to the right, 43.12x 10? kg m/s. Here F could refer 
to a large force over a short contact time. It can also refer to the average force if we interpret At as 


1 : ; ; 
1g s, the time between one cube's tap and the next's. 


312x107? kg-m/s 
nC 0.1s g 


0.312 N to the right 
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P9.67 (a) Find the speed when the bullet emerges from the 400 m/s 
block by using momentum conservation: L > 


mo; = MV; * mo 


| 
The block moves a distance of 5.00 cm. Assume for | 
an approximation that the block quickly reaches its 5.00 cm kK —— 
maximum velocity, V;, and the bullet kept going | 
with a constant velocity, v. The block then 
compresses the spring and stops. 


FIG. P9.67 
Dist gi whe 8 
—MV7 =—kx 
2 2 
2 2 
(900 N/m)(5.00x 10? m) 
V, = =1.50 m/s 
1.00 kg 
mo; -MV, (500x107? kgJ(400 m/s)- (1.00 kg)(1.50 m/s) 
oom 5.00 x 10? kg 


(b) AE=AK+AU= (5.00 x 10? kg (100 m/s)” - 


(5.00 x 10? kg (400 m/s)” 


«(000 N/m)(5.00 x10 m)? 


AE = -374 J, or there is an energy loss of | 374 J |. 


*P9.68 The orbital speed of the Earth is S CM 
11 ( | ) 
ja 2ar E ces m _ 598x104 m/s E 
T 3.156 x10’ s 
In six months the Earth reverses its direction, to undergo FIG. P9.68 


momentum change 
mg|Avg|- 2mgog = 2(5.98 x 10 kgJ(2.98 x 10* m/s) - 356x107? kg-m/s. 


Relative to the center of mass, the sun always has momentum of the same magnitude in the 
opposite direction. Its 6-month momentum change is the same size, ma|^vs| =3.56x10* kg. m/s. 


56x10? kg- 
Then iee o eoe 0.179 m/s |. 


1.991 x10? kg 


P9.69 


P9.70 


Chapter 9 
(à) — pi*Ft-py: (3.00 kg)(7.00 m/s)j +(12.0 Ni (5.00 s) = (3.00 kg)v , 
v, =| (20.0i+7.00j) m/s 
x 20.0 + 7.00j — 7.00j) m/s 
V, - Vi ( J j) L3 
b a- : a= =| 4.00i m/s 
(5 i; P [400i m/s? | 
F i 7 
() | a- £— = ONT [00i m/s? 
m 3.00 kg 
(d ^ Ar=v,t+ je Ar - (7.00 m/s j)(5.00 s) + (4.00 m/s? i}(5.00 s)? 
Ar =| (50.01 +35.0j) m 
(e) W =F- Ar: W =(12.0 Ni)-(50.0 mi + 35.0 mj) - [ 600 J 
(f) Imi - EE kg)(20.0i + 7.005) (20.01 +7.00j) m?/s? 
mj - (L50 kg)(449 m?/s?) - [674] 
1 2 1 2 
(8) Smo? +W =~ (3.00 kg)(7.00 m/s) + 600 J =| 674] 
We find the mass from M =360 kg - (2.50 kg/s)t. 
dM/dt| (1500 m/s)(2.50 kg/s 7 
We find the acceleration from a= gun. 2| / | 7 ( / X 8/ ) E Aa 
M M M M 
We find the velocity and position according to Euler, 
from Vnew = Voa t (At) 
and Xnew = Xga + VAt) 
If we take At = 0.132 s, a portion of the output looks like this: 
Time Total mass Acceleration Speed, v Position 
t(s) (kg) a(m/ s?) (m/s) x(m) 
0.000 360.00 10.4167 0.0000 0.0000 
0.132 359.67 10.4262 1.3750 0.1815 
0.264 359.34 10.4358 2.7513 0.54467 
65.868 195.330 19.1983 916.54 27191 
66.000 195.000 19.2308 919.08 27312 
66.132 194.670 19.2634 921.61 27433 
131.736 30.660 122.3092 3687.3 152382 
131.868 30.330 123.6400 3703.5 152871 
132.000 30.000 125.0000 3719.8 153362 


(a) The final speed is vs =| 3.7 km/s 


(b) The rocket travels 153 km 
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The force exerted by the table is equal to the change in momentum 
of each of the links in the chain. 


By the calculus chain rule of derivatives, 


_ 4p d(mv) dm do 


E 
1 dt dt dt dt 


We choose to account for the change in momentum of each link by FIG. P9.71 
having it pass from our area of interest just before it hits the table, 
so that 


PLN) and us. 
dt dt 


Since the mass per unit length is uniform, we can express each link of length dx as having a mass dm: 


M 
L 


dm = 


The magnitude of the force on the falling chain is the force that will be necessary to stop each of the 


elements dm. 
F, g% AQ (Ep 
dt L jdt L 


After falling a distance x, the square of the velocity of each link v? = 2gx (from kinematics), hence 


2M 
L 


The links already on the table have a total length x, and their weight is supported by a force F,: 


Max 
FR = x 


Hence, the total force on the chain is 


3Mgx 
p 


Fota = F + Fy x: 


That is, the total force is three times the weight of the chain on the table at that instant. 
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P9.72 A picture one second later differs by showing five extra kilograms of sand moving on the belt. 
A 5.00 kg)(0.750 m/s 
(a) p, _ (5.00 kg)( l5) roce 
At 1.00 s 
(b) The only horizontal force on the sand is belt friction, 
isi Ap. 
so from PatfAM-p, thisis f= cm 3.75 N 
(c) The belt is in equilibrium: 


DF, =ma,: +Fy-f=0 and = F.y4=|3.75N 


(d) W = FAr cos @ 2 3.75 N(0.750 m)cos0?- | 2.81 J 


1 2_1 : 
(e) zm = 55.00 kg(0.750 m/s) -[141] 


(f) Friction between sand and belt converts half of the input work into extra internal energy. 
SPA y Yn; m,(R+4)+m,(0) m,(R+4) y 
` s m; mı +m, mı +m, 
x 
L 
-n| £e 
FIG. P9.73 


ANSWERS TO EVEN PROBLEMS 


P9.2 (a) 0; (b) 1.06 kg m/s; upward P9.20 0.556 m 


P9.4 (a) 6.00 m/s to the left; (b) 8.40] P9.22 1.78 kN on the truck driver; 8.89 kN in the 
opposite direction on the car driver 


P9.6 The force is 6.44 kN ing 
P9.24 v= —- gl 
P9.8 1.39 kg-m/s upward 


P9.10 (a) 5.40 Ns toward the net; (b) -27.0 J P9.26 7.94 cm 


P9.12 —10? N upward P9.28 (a) 2.88 m/s at 32.3*; (b) 783 J becomes 
internal energy 
P9.14 (a) and (c) see the solution; (b) small; bra 
(d) large; (e) no difference P9.30 Vy = 0; sinO; Vo = v; cos 
P9.16 1.67 m/s P9.32 No; his speed was 41.5 mi/h 


P9.18 — (a) 2.50 m/s; (b) 3.75 x 104 J P934 = (a) v= NA ; (b) 45.0° and —45.0° 
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P9.36 


P9.38 


P9.40 


P9.42 


P9.44 


P9.46 


P9.48 


P9.50 


P9.52 


P9.54 
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(a) ¥20;; $i (b) 35.3° 


(0, 1.00 m) 

4.67 x 10° m from the Earth's center 
(a) see the solution; (b) 3.57 x 10° J 
0.063 5L 


(a) see the solution; 
(b) (—2.00 m, —1.00 m); 


(c) (3.001 1.005) m/s; 
(d) (15.01 — 5.00j) kg m/s 


(a) -0.780i m/s; 1.121 m/s; (b) 0.3601 m/s 
(a) 787 m/s; (b) 138 m/s 


see the solution 


M4V1,+M5V 
(a) 1*1 oe 


P9.56 


P9.58 


P9.60 


P9.62 


P9.64 


P9.66 


P9.68 


P9.70 


P9.72 


2m m,-m 


291 N 


E |gd?. 
m 2h 


(a) -0.667 m/s; (b) 0.952 m 


(a) 6.81 m/s; (b) 1.00 m 


(a) -3.54 m/s; (b) 1.77 m; (c) 35.4 kN; 
(d) No. The rails exert a vertical force to 
change the momentum 


0.312 N to the right 

0.179 m/s 

(a) 3.7 km/s; (b) 153 km 

(a) 3.75 N to the right; (b) 3.75 N to the 
right; (c) 3.75 N; (d) 2.81 J; (e) 1.41 J; 

(f) Friction between sand and belt converts 


half of the input work into extra internal 
energy. 


Q10.5 


Q10.6 


Q10.7 


Q10.8 


Q10.9 


Q10.10 


Q10.11 


Rotation of a Rigid Object 
About a Fixed Axis 


ANSWERS TO QUESTIONS 


Q10.1 1 rev/min, or En rad/s. Into the wall (clockwise rotation). a — 0. 


FIG. Q10.1 


Q10.2  «k,-k 


Q10.3 Yes, they are valid provided that wis measured in degrees per 
second and a is measured in degrees per second-squared. 


The speedometer will be inaccurate. The speedometer measures the number of revolutions per 
second of the tires. A larger tire will travel more distance in one full revolution as 2zr . 


Smallest I is about x axis and largest I is about y axis. 


m ML? 
The moment of inertia would no longer be 


if the mass was nonuniformly distributed, nor 


could it be calculated if the mass distribution was not known. 


The object will start to rotate if the two forces act along different lines. Then the torques of the forces 
will not be equal in magnitude and opposite in direction. 


No horizontal force acts on the pencil, so its center of mass moves straight down. 

You could measure the time that it takes the hanging object, m, to fall a measured distance after 
being released from rest. Using this information, the linear acceleration of the mass can be 
calculated, and then the torque on the rotating object and its angular acceleration. 


You could use ø = at and v =at. The equation v = Ro is valid in this situation since a= Ra. 


The angular speed @ would decrease. The center of mass is farther from the pivot, but the moment 
of inertia increases also. 


285 


286 Rotation of a Rigid Object About a Fixed Axis 


Q10.12 


Q10.13 


Q10.14 


Q10.15 


Q10.16 


Q10.17 
Q10.18 


Q10.19 


Q10.20 


The moment of inertia depends on the distribution of mass with respect to a given axis. If the axis is 
changed, then each bit of mass that makes up the object is a different distance from the axis. In 
example 10.6 in the text, the moment of inertia of a uniform rigid rod about an axis perpendicular to 
the rod and passing through the center of mass is derived. If you spin a pencil back and forth about 
this axis, you will get a feeling for its stubbornness against changing rotation. Now change the axis 
about which you rotate it by spinning it back and forth about the axis that goes down the middle of 
the graphite. Easier, isn't it? The moment of inertia about the graphite is much smaller, as the mass 
of the pencil is concentrated near this axis. 


Compared to an axis through the center of mass, any other parallel axis will have larger average 
squared distance from the axis to the particles of which the object is composed. 


A quick flip will set the hard-boiled egg spinning faster and more smoothly. The raw egg loses 
mechanical energy to internal fluid friction. 


Icm = MR?, Icy = MR”, Icm -1 MR?, lou = = MR? 


Yes. If you drop an object, it will gain translational kinetic energy from decreasing gravitational 
potential energy. 


No, just as an object need not be moving to have mass. 
No, only if its angular momentum changes. 


Yes. Consider a pendulum at its greatest excursion from equilibrium. It is momentarily at rest, but 
must have an angular acceleration or it would not oscillate. 


Since the source reel stops almost instantly when the tape stops playing, the friction on the source 
reel axle must be fairly large. Since the source reel appears to us to rotate at almost constant angular 
velocity, the angular acceleration must be very small. Therefore, the torque on the source reel due to 
the tension in the tape must almost exactly balance the frictional torque. In turn, the frictional torque 
is nearly constant because kinetic friction forces don’t depend on velocity, and the radius of the axle 
where the friction is applied is constant. Thus we conclude that the torque exerted by the tape on 
the source reel is essentially constant in time as the tape plays. 


As the source reel radius R shrinks, the reel’s angular speed ø = must increase to keep the 


tape speed v constant. But the biggest change is to the reel’s moment of inertia. We model the reel as 
a roll of tape, ignoring any spool or platter carrying the tape. If we think of the roll of tape as a 


1 : : 
uniform disk, then its moment of inertia is I = ;MR' . But the roll's mass is proportional to its base 


area z R? . Thus, on the whole the moment of inertia is proportional to R*. The moment of inertia 
decreases very rapidly as the reel shrinks! 

The tension in the tape coming into the read-and-write heads is normally dominated by 
balancing frictional torque on the source reel, according to TR « T fiction . Therefore, as the tape plays 
the tension is largest when the reel is smallest. However, in the case of a sudden jerk on the tape, the 
rotational dynamics of the source reel becomes important. If the source reel is full, then the moment 
of inertia, proportional to R4, will be so large that higher tension in the tape will be required to give 
the source reel its angular acceleration. If the reel is nearly empty, then the same tape acceleration 
will require a smaller tension. Thus, the tape will be more likely to break when the source reel is 
nearly full. One sees the same effect in the case of paper towels; it is easier to snap a towel free when 
the roll is new than when it is nearly empty. 


Q10.21 


Q10.22 


Q10.23 


Q10.24 


Q10.25 
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The moment of inertia would decrease. This would result in a higher angular speed of the earth, 
shorter days, and more days in the year! 


There is very little resistance to motion that can reduce the kinetic energy of the rolling ball. Even 
though there is static friction between the ball and the floor (if there were none, then no rotation 
would occur and the ball would slide), there is no relative motion of the two surfaces—by the 
definition of "rolling" —and so no force of kinetic friction acts to reduce K. Air resistance and friction 
associated with deformation of the ball eventually stop the ball. 


In the frame of reference of the ground, no. Every point 
moves perpendicular to the line joining it to the 
instantaneous contact point. The contact point is not 
moving at all. The leading and trailing edges of the 
cylinder have velocities at 45? to the vertical as shown. 


FIG. Q10.23 


The sphere would reach the bottom first; the hoop would reach the bottom last. If each object has 
the same mass and the same radius, they all have the same torque due to gravity acting on them. 
The one with the smallest moment of inertia will thus have the largest angular acceleration and 
reach the bottom of the plane first. 


To win the race, you want to decrease the moment of inertia of the wheels as much as possible. 
Small, light, solid disk-like wheels would be best! 


SOLUTIONS TO PROBLEMS 


Section 10.1 Angular Position, Velocity, and Acceleration 


P10.1 


(a) 6|, , =| 5.00 rad 


lo" M -10.0 + 4.00#|,_, =| 10.0 rad/s 
2g, 2 
Gizi Se 4.00 rad/s” 
dt fizo 


(b 6| 445, = 5.00 + 30.0 + 18.0 =] 53.0 rad 


| d0 
MTS s^ gr 


| da 
esas s^ d 


= 10.0 + 4001], 4 9) , =| 22.0 rad/s 


123.00 s 
4.00 rad/ s? 


t=3.00 s 
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Section 10.2 Rotational Kinematics: Rotational Motion with Constant Angular Acceleration 


*P10.2 @, = 2.51x10* rev/min = 2.63 x10° rad/s 


@;-@; 263x10? rad/s-0 
"S 3.2 s 


b)  6;-et- Lat? =0+ = (8.22 x10? rad/s*)(3.2 s)? =| 4.21 x10° rad 
P$. Gp qo OP, [99 D ign rad/s? 
t 3.00 s 


E boli 2 2 
(b) 0- oat = 5 (4.00 rad/s? (3.00 s)? =| 18.0 rad 


@) a= =| 8.22x10? rad/s? 


P10.4 = @; = 2.000 rad/s, æ = -80.0 rad/s” 


(a) æ 7 @; + at = 2000 - (80.0)(10.0) =| 1 200 rad/s 


(b) 0=0; +at 
_ 0; 2000 
-a 80.0 


25.0s 


P10.5 


.. 100 rev (7 miny 2zrad )- 10z rad/s, ©, =0 


! 100minV600sAl00rev) 3 


0:—0; 0 10z 
f L= 3 s=|5.24s 
a —2.00 


O ; +O; 
(b) 0;-ot- is (2 rad/s J 108 ;J- 27.4 rad 
2 6 6 


(a) t- 


P1066 = 0;-3600 rev/min 2 377 x10? rad/s 
0 — 500 rev 23.14 x 10? rad and o, =0 
OF = o? +2a0 


0- (37710? rad/s) +2a(3.14 10? rad) 


a =| -2.26 x10" rad/s? | 


P10.7 œ —5.00 rev/s =10.07 rad/s. We will break the motion into two stages: (1) a period during which the 
tub speeds up and (2) a period during which it slows down. 


_ 0+10.07 rad/s 


While speeding up, 6, =at (8.00 s) = 40.07 rad 


— 10. d 
While slowing down, 0, = 0t = 0.07 rad/s +0 


(12.0 s) = 60.07 rad 


So, Orotal = 91 + 05 = 100z rad =| 50.0 rev 
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1 AC 
P10.8 0, -0; - ot 54 and o, =@;+at are two equations in two unknowns o; and a 


1 1 
Qj — 0, — at: 0, 0; - (o; atj «at? = opt "Ld 


37.0 rev 222) =98.0 rad/s (3.00 s) — 1 (3.00 s)? 
1 rev 2 


232 rad = 294 rad-(4.50 s")a: a= SU - [137 rad/s? 
US 


A@ 1rev  2zrad 
At 1day 86400s 


P10.9 (a) o 


=| 7.27x10” rad/s 


(b) At = 2.57 x 10* s | or 428 min 


AO _ 107° E 
@ 77x10? rad/s\ 360° 


*P10.10 The location of the dog is described by 64 =(0.750 rad/s)t. For the bone, 
1 1 212 
A, = y T too rad/s t's 


We look for a solution to 


0.75t = = +0.007 5t? 


0 = 0.007 5t? —0.75t + 2.09 =0 


UE 40.75? — 4(0.007 5)2.09 
0.015 


= 2.88 s or 97.1 s 


The dog and bone will also pass if 0.75t = = -2x + 0.007 5t? or if 0.75t = T. 2: + 0.007 5t? that is, if 


either the dog or the turntable gains a lap on the other. The first equation has 


, 0755 0.75? — 4(0.007 5)(-4.19) 


=105 sor —5.30s 
0.015 


only one positive root representing a physical answer. The second equation has 


, 075+ 40.75? — 4(0.007 5)8.38 
0.015 


=12.8 s or 87.28. 


In order, the dog passes the bone at | 2.88 s | after the merry-go-round starts to turn, and again at 


128 s | and 26.6 s, after gaining laps on the bone. The bone passes the dog at 73.4 s, 87.2 s, 97.1 s, 


105 s, and so on, after the start. 
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Section 10.3 Angular and Linear Quantities 


P10.11 Estimate the tire's radius at 0.250 m and miles driven as 10 000 per year. 


d= 


s 1.00x10* mi(1609 m 
r 0.250 m 


0 —6.44x 107 radjyn( ZE) - 02:10" rev/yr or — 107 rev/yr 
P10.12 (a) v=r0; 0=—= PONG 0.180 rad/s 
l UU r 250m - 


o? (450 m/s)" 7 
r 250 m 


=6.44x10" rad 
128 x rad/yr 


8.10 m/ s* toward the center of track 


O) a- 


P10.13 Given r - 1.00 m, a= 4.00 rad/s”, vo; =0 and 0; =57.3°=1.00 rad 


(a) O; =0;+at=0+ at 


At t= 2.00 s, o = 400 rad/s? (2.00 s) | 8.00 rad/s 


(b) v =ræ =1.00 m(8.00 rad/s) =| 8.00 m/s 


la, |- a, =r@? =1.00 m(8.00 rad/s)” = 64.0 m/s? 


a, ^ ra - 1.00 m(400 rad/s”) = 4.00 m/s? 


The magnitude of the total acceleration is: 


&— 4a? +a? = (eso m/s?) +(4.00 m/s?) =| 64.1 m/s? 


The direction of the total acceleration vector makes an angle ¢ with respect to the radius to 
point P: 


ó - tan !| 4 |= zu =| 8.58? 
a. 64.0 


(c) 0, - 6, eoi eat - (1.00 rad) «(4.00 rad/s? (2.00 s)? - | 9.00 rad 


*P10.14 


P10.15 


P10.16 


(a) 


(b) 


(c) 


(d) 


(a) 


(b) 


(c) 


(a) 


(b) 
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Consider a tooth on the front sprocket. It gives this speed, relative to the frame, to the link of 
the chain it engages: 


V=TO= GM = ys rev min 2228 E min) =| 0.605 m/s 


1 rev 60s 


Consider the chain link engaging a tooth on the rear sprocket: 


v 0.605 m/s 
o= 7 = (897) -|173 rad/s 


Consider the wheel tread and the road. A thread could be unwinding from the tire with this 
speed relative to the frame: 


v=ro (88 ys rad/s =| 5.82 m/s 


We did not need to know the length of the pedal cranks, but we could use that information 
to find the linear speed of the pedals: 


v=ro=0.175 m 7.96 radjs( E m/s 


1 
lrad 


v 250 m/s 
: Topo 25.0 rad/s 


OF - 0? * 2a(^0) 


2 


2 2 
0 - oj (25.0 rad/s)” - 0 5 
— XA0) 2[(.25 rev)(2z rad/rev)] d [39.8 rad/s? | 


Ao 25.0 rad/s 


At= 
a 398 rad/s? 


=| 0.628 s 


s- ot = (11.0 m/s)(9.00 s) 2 99.0 m 


Se CHA Hi Be eT 
r 0290m 
Uf 220 m/s 


OF = =75.9 rad/s =| 12.1 rev/s 


r 0.2290 m 
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2a rad ( 1200 rev 
600s / 


P10.17 (a) o = 2af 


126 rad/s 


1 rev 


(b v=@r=(126 rad/s)(3.00 x10 m)=[3.77 m/s 


(c) a,-o^r- (126) (8.00 x 107) =1260 m/s? so a, =| 1.26 km/s? toward the center 


(d) s-r0- ort — (126 rad/s)(8.00 x107? m)(2.00 s) =| 201m 


P10.18 The force of static friction must act forward and then more and more inward on the tires, to produce 
both tangential and centripetal acceleration. Its tangential component is m(1.70 m/ s? i Its radially 


2 

: . mu : : 

inward component is ——. This takes the maximum value 
r 


mor - mr(o? t 2a0) - m0 + 2a z) -mzra = mm, = ma(170 m/s?). 


With skidding impending we have XF, =ma,, +n- mg -0,n- mg 


fs =H = umg = EA m/s?) + m?z?(170 m/s?) 


1.70 m/s? 2 
g——————AN1-4z^ =| 0.572 
Hu m a 


*P10.19 (a) Let Rg represent the radius of the Earth. The base of the building moves east at v; =@ Rg 
where ois one revolution per day. The top of the building moves east at v, = o(Rg + h). Its 
eastward speed relative to the ground is v, - v; = wh. The object's time of fall is given by 


Ay -0- : gt, t= E . During its fall the object's eastward motion is unimpeded so its 
s 


[2 ore 
deflection distance is Ax = (v, —v,)t=@h,{— =| oh?” B 
8 8 


PEN 
(b) 2 IAS ia |. ae om 
86 400 s 9.8m 


(c) The deflection is only 0.02% of the original height, so it is negligible in many practical cases. 


Chapter10 293 
Section 10.4 Rotational Energy 


P10.20 m, = 400 kg, r, =|y,|=3.00 m; |" 


m, = 2.00 kg, r; = [y;|- 2.00 m; 4.00 kg y-3.00m 


ms =3.00 kg, r3 =|y3|= 400 m; 


@ = 2.00 rad/s about the x-axis 


(a) I= mire + Mts + marz 

1, = 4003.00)? + 2.00(2.00)? + 3.00(4.00)? =| 92.0 kg -m? 3.00 kg (m) y --400m 

l 
Kg = go - 5 (920)(2.00)° - [184] 
FIG. P10.20 
1 1 2 

(b) vı - rio = 3.00(2.00) =| 6.00 m/s K,= gi - 5 (4:00)(6.00) -720] 

v, = r9 = 2.00(2.00) =| 4.00 m/s K,- jm - 5 2004.00) -16.0] 

03 =13@ = 4.00(2.00) =| 8.00 m/s K,- js - 5 6008.00)" - 96.0] 


K =K, +K, +K; =72.0 +16.0 +96.0 =| 184] |=—I,o 


P10.21 (a) I-Ymr? y (m) 
j 


In this case, 
Tj =r =n =T, 
r = (8.00 m)? + (2.00 m)? = V13.0 m 
1- [13:0 m| [3.00 + 2.00 + 2.00 + 4.00] kg 


=| 143 kg-m? 
1 2 1 2 2 
() Kg= Flo? = 5 (18 kg m? (6.00 rad/s) ms 
-2/2.57x10? J 


FIG. P10.21 
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P1022  I-Mx?«m(L-x)? 


£ = 2Mx - 2m(L — x) 2 0 (for an extremum) 
x 


.omL 12 


| M+m 
2 < L > 


zi = 2m + 2M; therefore I is minimum when the axis of 


dx : 
. mL T 
rotation passes through x = rre which is also the center 
+m | 


of mass of the system. The moment of inertia about an axis 
passing through x is 


mL Y m 7 2 Mm ,, 2 
ice p ult B Pg 
CM I | | Mam 6 


» 


FIG. P10.22 
Mm 


where u= ; 
+m 
Section 10.5 Calculation of Moments of Inertia 


P10.23 We assume the rods are thin, with radius much less than L. 
Call the junction of the rods the origin of coordinates, and 
the axis of rotation the z-axis. 


For the rod along the y-axis, I = Emp from the table. 


For the rod parallel to the z-axis, the parallel-axis theorem jor" 
gives A _-7 axis of rotation 
ge 


FIG. P10.23 


In the rod along the x-axis, the bit of material between x and x+dx has mass (e and is at 


2 
distance r= |x? + B from the axis of rotation. The total rotational inertia is: 


L/2 2 
1 1 L^ (m 
lor gm + pmb" + J G 235 


-L/2 


mL? mI? |11mI? 
-—m + 
12 12 4 12 


Note: The moment of inertia of the rod along the x axis can also be calculated from the parallel-axis 


1 p 
theorem as —mL* +m| — | . 
12 2 


P10.24 


P10.25 


P10.26 
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Treat the tire as consisting of three parts. The two sidewalls are each treated as a hollow cylinder of 
inner radius 16.5 cm, outer radius 30.5 cm, and height 0.635 cm. The tread region is treated as a 
hollow cylinder of inner radius 30.5 cm, outer radius 33.0 cm, and height 20.0 cm. 


Use I= z"(n t Ri) for the moment of inertia of a hollow cylinder. 
Sidewall: 
m- a{ (0.305 m)? - (0.165 m)" [6.35 x10? m)(1.10x 10° kg/m?]- 1.44 kg 


m BT kg)[(0.165 m)? + (0.305 m =8.68 x10 kg. m? 


side 
Tread: 
m- a (0.330 m)? - (0.305 m)? (0.200 m(110x10? kg/m?) - 110 kg 


hogs (1o kg)|(0.330 m)? + (0.305 m)? =111 kg-m? 


Entire Tire: 


Total = 21 de + Issa = 2(8.68 x 10? kg -m?)+1.11 kg -m? =| 1.28 kg-m? 


Every particle in the door could be slid straight down into a high-density rod across its bottom, 
without changing the particle’s distance from the rotation axis of the door. Thus, a rod 0.870 m long 
with mass 23.0 kg, pivoted about one end, has the same rotational inertia as the door: 


i= ÍME = 550 kg)(0.870 m)? =| 5.80 kg-m" |. 


The | height of the door is unnecessary | data. 


Model your body as a cylinder of mass 60.0 kg and circumference 75.0 cm. Then its radius is 


0.750 m 
m 


= 0.120 m 


and its moment of inertia is 


= MR? = (60.0 kg)(0.120 m)? = 0.432 kg m? ~| 10° kg-m? =1 kg-m? |. 
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P10.27 For aspherical shell dI = Žamr? = Zeman) D 


dl = J (4e?) pr 

1am" (142-1162 )10° kg/m? dr 

Jta x 107) = BLUT x 19) 
5 43 6 


(se 32-25) 
5 6 


R 
M - [dm - f 4m? 142-116 103 ar 
, R 


"m (122 E 6j 
3 


MR? A4zx10 RÓR?(14.2/3-11.6/4) 3 


1. (8/3)(10°)R*(14.2/5-11.6/6) 2 Br 


= = 0.330 
1.83 


^. I2|0.330MR? 


*P10.28 (a) By similar triangles, um T. y- = The area of the front face 
x 


1 
is jn. The volume of the plate is 5 Abo . Its density is h 
zo c EMO LM . The mass of the ribbon is 
V lhLw hLw I—————| 
2Mywdx 2Mhx , | 2Mxdx | L | 
dm = pdV = pywdx = = dx = ; 
di. hiw  hLL p 


FIG. P10.28 


The moment of inertia is 


t= Jrtdm= j „2 2Mxdx 2M t5, 2M | ML? | 
if Le I? 4 2 


all mass x=0 


2 2 
(b) From the parallel axis theorem I = Icy + mf x) —Icw + oe and 


9 


p ML? 
Iy= Tew +M( =) =Icy + 9 


2 2 
inertia Icy + T +Icm + P - 50M. Then 2Icy = IMP 


. The two triangles constitute a rectangle with moment of 


4ML? 1 
18 


1 Mun 
2 


I= 4 ML? + » MP? = 


*P10.29 
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We consider the cam as the superposition of the original solid disk and a disk of negative mass cut 
from it. With half the radius, the cut-away part has one-quarter the face area and one-quarter the 
volume and one-quarter the mass Mọ of the original solid cylinder: 


1 4 
M)-—M,=M Mg - 5M. 
0 4 0 0 3 


By the parallel-axis theorem, the original cylinder had moment of inertia 


2 2 
T ewr +m) = ZMR? +My I - MR. 


2 2 
R 
The negative-mass portion has I ; : Mo IB xin . The whole cam has 


4 2 32 
2 
I= 3 M,R? MUS ee oR? = a RPS MR and KS ats 179 MR? =| MR |: 
4 32 32 823 24 2 2 24 48 


Section 10.6 Torque 


P10.30 


P10.31 


P10.32 


Resolve the 100 N force into components perpendicular 
to and parallel to the rod, as 


E, = (100 N)cos57.0°= 545 N 


and Fep = (100 N) sin 57.0°= 83.9 N 


The torque of Fpar is zero since its line of action passes 


through the pivot point. FIG. P10.30 
is 7 = 83.9 N(2.00 m) =| 168 N -m | (clockwise) 


The torque of F, 


erp 


55720100 m(12.0 N)- 0.250 m(9.00 N) - 0.250 m(10.0 N) =| -3.55 N-m 


The thirty-degree angle is unnecessary information. 


9.00 N 


FIG. P10.31 


The normal force exerted by the ground on each wheel is 


1500 kg\(9.80 m/s? 
jet. is / E 


The torque of friction can be as large as 
Tmax = fmax” = (u,t)r = (0.800)(3 680 N)(0.300 m) =| 882 N -m 


The torque of the axle on the wheel can be equally as large as the light wheel starts to turn without 
slipping. 
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P10.33 In the previous problem we calculated the maximum torque that can be applied without skidding to 
be 882 N : m. This same torque is to be applied by the frictional force, f, between the brake pad and 
the rotor for this wheel. Since the wheel is slipping against the brake pad, we use the coefficient of 
kinetic friction to calculate the normal force. 

T 882 N-m 


r- fr -(u,n)r,son- - = 8.02x10° N =] 8.02 kN 
fran) uy (0.500)(0.220 m) 


Section 10.7 Relationship Between Torque and Angular Acceleration 


P1034 (a) I= IMR = Zeo kg)(7.00 x10? mJ = 490 x10? kg. m? 
tu. ND 200 gad) 
I 490x10 
Ao 
gene 
At 
1 200(2z 
cho 1200088) rss 
a 122 
{5% 


(b) AO= 5t 5 (122 rad/s)(1.03 s)? =64.7 rad - | 10.3 rev 


P1035 m =0.750 kg, F=0.800 N 


(a) t =1F = 30.0 m(0.800 N) =| 24.0 N-m 

() | a-i2-0... 20 [00356 rad/s? 
I mr^ 0.750(30.0) 

(c) a, = or = 0.085 6(30.0) =| 1.07 m/s? 


P1036 — o =a; + at: 10.0 rad/s = 0 + (6.00 s) 
. 10.00 
6.00 


pee! 36.0 N.m 
a 167 rad/s? 


yore N 


FIG. P10.35 


a rad/s” =1.67 rad/s” 


(a) 372360 N-m=la: =| 21.6 kg.m? 


(b) O, = 0; +a: 0 210.0 + a(60.0) 
a = —0.167 rad/s? 
|t|=|Ia|=(21.6 kg m? (0.167 rad/s”) =| 3.60 N-m 


(c) Number of revolutions 0, =0; + jt + ju 
During first 6.00 s 0,- 5 (1.673(6.00) = 30.1 rad 


During next 60.0 s 0, -10.0(60.0) — 5 (0.167)(600) = 299 rad 


iota] = 329 rad Liy E 52.4 rev 
Azrad 


P10.37 


P10.38 
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For m4, LR 
DF, =ma,: +n-mg=0 
nı =m;g =19.6 N 
fia = Hx =7.06 N 


SF, =ma,: -7.06 N +T; = (2.00 kg)a 


For the pulley, 
1 2[ a 
=Ia: -T,R+T,R=—MR?| 4 
pala 1 ahs (=) 
-T, +T, = 5 (100 kg)a 
-T, +T, =(5.00 kg)a 
For m,, Hn,-m»;gcos0-0 
n, = 6.00 kg(9.80 m/s? (cos30.0*) 
=50.9N 
FIG. P10.37 
fia = MaMa 


=18.3 N: -183N- T; + m,sin0- m,a 
-18.3 N -T, + 29.4 N = (6.00 kg)a (3) 


(a) Add equations (1), (2), and (3): 


-7.06 N -18.3 N + 29.4 N = (13.0 kg)a 
, 201N 
| 130kg 


0.309 m/s? 


(b) T, = 2.00 kg(0.309 m/s?)--7.06 N =| 7.67 N 
T, =7.67 N +5.00 kg(0.309 m/s?) =[9.22 N 


299 


R 
I= mR? = gm kg)(0.500 m)? = 12.5 kg m? 
@; 2 50.0 rev/min — 5.24 rad/s n=70.0N 
@,-@; 0- 
a=-t— = ue qae. -0.873 rad/s? 
t 6.00 s 
r =la -125 kg-m?(-0.873 rad/s?) - -109 N-m feum 
The magnitude of the torque is given by fR — 10.9 N-m, where fis FIG. P10.38 
the force of friction. 
10.9 N-m 

Therefore, A———— and - un 

EE S fam 

l f 218N 

ld === =| 0.312 

a P= aT 70.0N 
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Rotation of a Rigid Object About a Fixed Axis 


2 la => MR 


2 
-135 N(0.230 m) + T(0.230 m) = B xe (S m) (-1.67 rad/s?) 


T=|2L5N 


Section 10.8 Work, Power, and Energy in Rotational Motion 


P10.40 


*P10.41 


P10.42 


The moment of inertia of a thin rod about an axis through one end is I = ; MU. The total rotational 


kinetic energy is given as 


dc ^, ad 
K,s-2lole-l 
R 2 nOn 2 mO m 
2 600 kg(2.70 m)” 
with js. OOO ae eee 
3 3 
2 100 kg(4.50 m) 
and b= I ML UL -675 kg. m? 
3 3 
In addition, @,= ee -145x10* rad/s 
12h 13600s 
while go mae) Dh 95 10? xed/s 
1h (3600s 
Therefore, Kp= > O46 145 x 107); RE x w -|104x10? J 
; E qom. Wd E dt 
The power output of the bus is ? = P" where E- 3! ao” = ——MR^o^ is the stored energy and 


A 1 PA 
At = E is the time it can roll. Then qo" = PAt = a and 
v v 


MR?o?v 1600 kg(0.65 m)'(4000- 27) 111 m/s 


49 4(18-746 W) 


Ax 


24.5 km |. 


Work done = FAr = (5.57 N)(0.800 m) = 4.46 J 


and Work = AK = : loj : Io? 
2 2 


(The last term is zero because the top starts from rest.) 


1 - 
Thus, 4.46 J = 5 (400 x10 kg: m? Jo? 


and from this, Of = 149 rad/s |. 


FIG. P10.42 


*P10.43 (a) 


(b) 


I- E + R2) - (0.35 kg)[(o.02 m)? «(0.08 m] = 228x107! kg. m? 


E 
2 
(Ki +K, + Kyot +Uga), - fede =(Ky +K, +Krot) 


1 
2 


+0.42 kg(9.8 m/s*)(0.7 m) - 0.25(0.85 kg)(9.8 m/s? (0.7 m) 


1 1 1 2 
= 5 (0.85 kg)oj +5 (0.42 kg)vj (2.28 x10 kg-m? f 


0.512 J + 2.88] - 1.46 J = (0.761 kg)v? 
v= AA. =| 1.59 m/s 
0.761 kg 


v 159 m/s 
de ON a 53.1 rad/s 


P10.44 We assume the rod is thin. For the compound object 


(a) 


(b) 


(c) 


(d) 


1 2 
I- 5 Mea + Ev + Mra D? | 


(0.850 kg)(0.82 m/s)? + Z042 kg)(0.82 m/s)” + 5(2.28 x10% kg m? f 


0.03 m 
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0.82 m/s Y 
0.03 m 


2 
I- 5120 kg(0.240 m)? 4 2200 kg(4.00 x10 m) + 2.00 kg(0.280 m)" 


1=0.181 kg. m? 


K, +Uy =K,;+U,;+AE 


Slo +0 =0+ Myyas{}+ Monse +R) +0 


; (18 kg m?)o? - 120 kg(9.80 m/s? (0.120 m) +2.00 kg(9.80 m/s? (0.280 m) 


; (18 kg.m?)o? - [690] 


v -ro = (0.280 m)8.73 rad/s =| 2.44 m/s 


oj = v2 t 2a(y, -yi) 
v; = J0+2(9.80 m/s?)(0.280 m) = 2.34 m/s 


The speed it attains in swinging is greater by = = 


1.043 2 times 


301 
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P10.45 (a) For the counterweight, 


50.0 
E, = ma, becomes: 50.0 -T = a 
2, y y EJ 


For the reel $c - Ia reads TR- Ia -15 


where I= = MR? = 0.093 8 kg m? 


We substitute to eliminate the acceleration: 


50.0-T = sa 


T=|114N and 
50.0-11.4 FIG. P10.45 


E U— E VS 2 
aay ABA m/s 
07 2 o? *2a(x, - xi): v; = 42(7.57)6.00 =| 9.53 m/s 


(b) Use conservation of energy for the system of the object, the reel, and the Earth: 


(K+U),=(K+U),: mgh= mo? «7 lo? 


2mgh = mo? +I Dr =v? ee 
gi = FER R? 


2mgh (50.0 N)(6.00 m) _ 
= = 9.53 m/s 
TERES er kg4 0.0958 / 


(0. 250)? 


P10.46 Choose the zero gravitational potential energy at the level where the masses pass. 


Ky +U =Ki +U; + AE 


mo" emm elo! -0- m, gh, + mjgh,; +0 
5050-100)? +> H (3.00)R (2) = 15.0(9.80)(1.50) + 10.0(9.80)(—1.50) 
1 


5065 kg)v? 273.5 J >v =| 2.36 m/s 


P10.47 From conservation of energy for the object-turntable-cylinder-Earth 
system, 


2 
: (E 4d mo? =mgh 
2\r 2 


2 
D 2mgh — mo? 


Iz » E 
v 


FIG. P10.47 


Chapter10 303 


P10.48 The moment of inertia of the cylinder is 


I= Qu? - jns kg)(1.50 m)? 2918 kg m? 
and the angular acceleration of the merry-go-round is found as 
t (Fr) (50.0 N)(1.50 m) 
p. s (918 kg-m?) 


a= = 0.817 rad/s? . 


At t=3.00 s, we find the angular velocity 
O0 — Qj t at 


o -0- (0.817 rad/s” (3.00 s)=2.45 rad/s 


and K = Slo - zs kg m? (2.45 rad/s)” - [276] |. 


P10.49 (a) Find the velocity of the CM 


(K+U), -(K«U); Pivot 
04 mgR - 2 Io? £ 
i i & 
ZE 2mgR N 1 
Pur - 43 R2 Ns “ 
I \ 2 mR EL z 
4 R 
ls [4s _|, [Rs FIG. P10.49 
3R 3 
R 
b —-v, =2vq4, =| 4 = 
2mgk 
(c) UCM TALES. t JRS 
*P10.50 (a) The moment of inertia of the cord on the spool is 


5M(R? +R3)= zo kg((0.015 m)? + (0.09 m)*) = 4.16 x10 kg m". 


The protruding strand has mass (10? kg /m)0.16 m -1.6x10? kg and 
T=Igy + Md? = ZME + Md? =1.6x107 kel 3 (016 m)? + (0.09 m +0.08 29 


- 497 x 10? kg-m? 


For the whole cord, I = 4.66 x 10 * kg-m?. In speeding up, the average power is 


lIo? : -4 Vo. m2 f 2 
god a |. 466x10 ^ kg-m E 22 -IASW 
At At 2(0.215 s) 60 s 
2000-2 
(D =P =1w -(7.65 N)(0.16 m+0.09 m| 2) =| 401 W 
s 
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Section 10.9 Rolling Motion of a Rigid Object 
1 


1 
tans = 50" = 7 (100 kg)(10.0 m/s)” = 


1.5 1/1 s?) 1 2 
(b) Kia = 7 lo -a3 ) z =7(10.0 kg)(10.0 m/s) =| 250 J 


(c) K total — K 


P10.51 (a) K 


trans + Kae E 750 J 


P10.52 W- Ky -K; = (K irans +Krot) =(K ians + K iot ); 


P10.53 (a) t=la 
mgRsin @ = (Icm + mR? lax 


a- mgR? sin@ 


Icy + mR? IN 


ye 
| mgR'sinü |1 . 
Ahoop nR 2 gsind 
2. mg 
mgR^ sing 2 . 0 
Ügisk = 3 mR? x 3 § sin 0 
The disk moves with i the acceleration of the hoop. FIG. P10.53 
(b) Rf «Ia 
f = un = umg cos 0 
oO f . (gsino)|4mR?) _ EA 
mgcosð mgcos0 R?mg coso 3 
P10.54 K= : mo? + : Ip? = : Ç + - P where o=% since no slipping. 
2 2 2 R R 
Also, U;=mgh, U; =0, and 7; =0 
Therefore, i" * zb =mgh 
2 R 
2gh 
Thus, v?- $ 
I 
h t ( mR? ) 
For a disk, I- S 
2gh Agh 
So es Or Vdisk = E 
‘ 2 2 2gh 
For a ring, I-mR^sov^- EX Or Uring = Jah 


Since vg, > V the disk | reaches the bottom first. 


ring” 


P10.55 


P10.56 


_ Ax 
0 =— 
At 


vf = 4.00 m/s and gie 


Chapter 10 


_ 3.00 m 
1.50 s 


1 
= 2.00 m/s- 7 (0*o,) 


Up 4.00 m/s _ 800 
r (6.38 x10? m) f? 6.38 x 102 


rad/s 


We ignore internal friction and suppose the can rolls without slipping. 
(Regia The Hu). + AE mech = pum + Kyot + Us), 


(0+0+mgy,)+0=( mo} +5 lo} +0) 


2 
0.215 kg(9.80 m/s? |[(3.00 m) sin 25.0°]= 1 0.215 kg (4.00 m/s : mE I a Ter e. rad/s 
8 2 8 


2 \6.38 x107? 


2.67 J= 1.72 J+(7 860 st 
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951 kg m? /s? 
I- Bees E /s -|121x10 * kg. m? The | height of the can | is unnecessary data. 
7 860 s 

(a) Energy conservation for the system of the ball and the 

Earth between the horizontal section and top of loop: 

1 1 1 1 

gm E lei + mgY = zmo F zo 

1 3 1/2 yes i 

"o, + mr +m 
2g (5 p eed 
2 
b bud (5 m?) e: FIG. P10.56 
2 2\3 r 
—07+8Y,=—0 
62 8Y2 gi 
2 6 2 6 2 
va = i -582 = (403 m/s) - = (9.80 m/s” (0.900 m) =| 2.38 m/s 
2. (238 m/s)” 
The centripetal acceleration is 72 ( /s) =12.6 m/ s? >g 
0.450 m 

Thus, the ball must be in contact with the track, with the track pushing downward on it. 

1 1(2 v V 1 1(2 en 
(b) zm (ome? f 3 ems, =m} ez (2e | x) 

a 2 6 B 2 6 2 _ 

v = '" uu (4.03 m/s) -g(980 m/s y-0.200 m) =| 431 m/s 

1 on i2 

—mo-mgy;-—m 
(c) 2 05 + MSY? 2 al 


Vy = v2 — 28y, = (4.08 m/s)” - 2(9.80 m/s? (0.900 m) = -1.40 m?/s? 


This result is imaginary. In the case where the ball does not roll, the ball starts with less 


energy than in part (a) and | never makes it to the top | of the loop. 
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Additional Problems 


P10.57 


P10.58 


P10.59 


mg eno I nia 
2 3 
a=——sind 
— 0. a, 

ü,— (5smo) 

g 
Then E > gsind 

2¢ 
forr» —/ 
-. About Z the length of the chimney | will have a FIG. P10.57 


tangential acceleration greater than gsinð. 


The resistive force on each ball is R = DpAv?. Here v «ro, where r is the radius of each ball's path. 
The resistive torque on each ball is 7 2 rR, so the total resistive torque on the three ball system is 
Tiotal = OTR. 

The power required to maintain a constant rotation rate is ? = T,,,.;0 = 3rRo. This required power 
may be written as 


P= Total® = 3r[DpA(ro)” Jo = (3r°DAw’)p 


3 : 1 
With z 2mrad/ 10 ry k mi] E 0007 als 
Irev | 1min A60.0s 30.0 
10007 Y 
2? =3(0.100 m)°(0.600)(4.00 x10% m?) ——— 
(0.100 m)°(0.600)(4.00 x Ep 
Or P= (0.827 m?/ s°)p, where pis the density of the resisting medium. 


(a) In air, p=1.20 kg/m? , 
and ?=0.827 m?/s? (1.20 kg/m?) - 0.992 N-m/s =| 0.992 W | 


(b) In water, 9=1000 kg/m? and ” =| 827 W |. 


1 


1 1 1 1 
(a) W - AK--loj je: ; loj o) where T= mR? 


z Gens kg)(0.500 m)°[(8.00 rad/s)” -0]- [400 


@;-9 ær (8.00 rad/s)(0.500 m) 
a al 2.50 m/s” = 


b)  t- 1.60 s 


(c) 6, - 0, «o4 eat 0; -0; a; =0 


1 di. 1 = m/s? 


0; = 


(1.60 s)? = 6.40 rad 
2 2| 0.500 m 


s = r0 = (0.500 m)(6.40 rad) =| 3.20 m < 4.00 m Yes 


*P10.60 The quantity of tape is constant. Then the area of the rings you 
see it fill is constant. This is expressed by 


arp —are ar)! —nar?enrl-arlorr-qr] +r? -r° isthe 


outer radius of spool 2. 


P10.61 


(a) 


(b) 


(b) 


(c) 


(d) 


Where the tape comes off spool 1, @, = = . Where the 
r 


eS v -1/2 
tape joins spool 2, a, =— = ofr? + p^ = p) . 
T5 


At the start, r =r, and r, =r, so 64 =~ and 05 =~ The 


T L^ 
takeup reel must spin at maximum speed. At the end, 
v v 
r 2r, and r, =r, so 05; =— and o, =—. The angular 
T Ts 
speeds are just reversed. 


Since only conservative forces act within the system of the 
rod and the Earth, 


Chapter 10 


Start 


li 020 smst) 
2 2 


where I= =ML? 


Therefore, oO= 28 


$ t= Ia, so that in the horizontal orientation, 


2 
L5 = = a 


~> 0 


FIG. P10.60 


Force 
Diagram 


R 7$ Motion 
Diagram 


3 
a- 28 
2L 
3 3 
a, =a, ro? Ga $ ü 4, =-ra a =)= -28 
2 2 y 2 4 
Using Newton's second law, we have 
2 
3Mg Mg 
R, Mg m Ma, = 4 R} = 4 


ay 


FIG. P10.61 
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P10.62 a--100 rad/s? - (5.00 rad/s°)t = m 


o t 
J de = [[-10.0 - 5.00 Jit = -10.0t — 2.50£? = œ - 65.0 rad/s 
65.0 0 

dé 2 3,2 
o= 3T 65.0 rad/s - (10.0 rad/s )r- (2.50 rad/s y 


(a) At t=3.00s, 


@ — 65.0 rad/s- (10.0 rad/s? (3.00 s) - (2.50 rad/s? (9.00 s?) -| 1255 rad/s 


(b) fao- [oa - jfeso rad/s - (10.0 rad/s?)t - (2.50 rad/s°)t? ht 
ó- (650 rads) - (5.00 rad/s*)t? - (0.833 rad/s? P? 
At t- 3.00 s, 
- (65.0 rad/s)(3.00 s) - (5.00 rad/s? 9.00 s? - (0.833 rad/s? 27.0 s? 


128 rad 


P10.68 The first drop has a velocity leaving the wheel given by Zm? =mgh;, so 


0 
0 


o, = f2gh; = 2(9.80 m/s?)(0.540 m) =3.25 m/s 


The second drop has a velocity given by 


v, = f 2gh; = 2(9.80 m/s?)(0.510 m) =3.16 m/s 
U A 
From o = —, we find 
T 


7, 32316 m/s 


vı _ 3.25 m/s =8.53 rad/s and ø, = 0.381 
r 0381m 


O1 = 
r 0.381 m 


=8.29 rad/s 


or 


2 2 (8.29 rad/s)” - (8.53 rad/s)? 
a= 22771 a Seia radie) =| —0.322 rad/s? 
20 4r 
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P10.64 — Atthe instant it comes off the wheel, the first drop has a velocity v,, directed upward. The 
magnitude of this velocity is found from 


K; vi =K; +U 
"i +0=0+mgh, or v, - J2gh, 
and the angular velocity of the wheel at the instant the first drop leaves is 


€ 28h 


[n] 
BUR R? 


|2gh 
Similarly for the second drop: v; =./2gh, and ø, = Pa E = 


R 


The angular acceleration of the wheel is then 


2gh 2gh 
1223-01. nm R? a g(I - h) 
20 2(2z) 2aR? 


1 1 1 1 
P10.65 K; =5 Me; + Flo}: U, =Mgh, =0; K; = ; Mo? + 


jlei =0 


U; - (Mgh).: f = uN = uMgcos6; o - 5; h-dsin6 and [= Smr? 
i r 


(a) AE-E, E; or fl-K;4U,-K,-u, 


-fd- = Mo] «7 lof Mgh 


2\ 
-(uMg cos 0)d = = Mo QE Eel sind 


Hm e = Mgd sin 0 - (uMg cos 0)d or 


(sin 8 — ucos 0) 


m 
5+M 


v? = 2Mgd 


1/2 
Ops E (sind — u cos o) 


(m+2M) 


b) v? =v? + 244x, v? = 2ad 
f i d 


vi 


i= 23{ eine Lucos 0) 
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P10.66 


*P10.67 


Rotation of a Rigid Object About a Fixed Axis 


(a) 


(b) 


(a) 


(b) 


(c) 


E- s [Se Jo?) 


2 
E=1-2(598x10)(637x10°)}( zl | -[257x10? J 


86 400 
2 
dE d "E ES 
dt dt|2\5 T 


T iin 9 -3\ aT 
— MR*(2 —2T ° |— 
puse pen) ( le 
1 
5 


me (2267 
s T)\T)dt 


-2 10x10% s 
=(2.57 x10” 86 400 s/da 
C fa 400 Jam 3 nd 


dE 


— -|-163x10" J/d 
di x J/day 


o; =a; + at 


a -— = = 
t t TT, 
-3 2 
a 2n(—10 s) 1d 1 yr )- 10-2 
1d1d 100 yr | 86 400s | (3.156 x10” s 


The Earth, assumed uniform, has moment of inertia 


I= = MR = =(5.98 x10% kg)(6.37 x 10° mJ 2971x107 kg.m? 


r2lIa—9271x10? keg.m?(-2.67 x10? s? 2| 21006 N-m 
g 


The negative sign indicates clockwise, to slow the planet's counterclockwise rotation. 


|c|= Fd. Suppose the person can exert a 900-N force. 


l| _ 259x107 N-m _ 
F 900 N 


d= 10° m 


This is the order of magnitude of the size of the planetary system. 


P10.68 


P10.69 


P10.70 


A0 — at 


A9 _ (Seo) rev 


t= = 
900 rev 
B 60 s 


= 0.800 m = [139 m/s | 


aaa 
0.005 74 s 


— 0.005 74 s 


T; will oppose the torque due to the hanging object: 


$r-Ia-TR-r;: 7; -TR-Ia 
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Chapter 10 


(1) 


Now find T, I and ain given or known terms and substitute into 


equation (1). 


DF, =T-mg=-ma: T=m/(g-a) 
at? 2y 
cuo Qr lc. ta T 
2 
and g-L-- 
R Rt 


Substituting (2), (3), (4), and (5) into (1), 


MR*(2 
we find T, -n(s AR 2 (2y) 
t 8 


Rt? 
(a) W =AK+AU 


W=K,-K;+U,-U; 


mo^ * —lo^ —mgd sind - — 

1 nv? «l1? gd sing Lig? 
2 2 2 

1 2 2 . 1 2 

LIO (I+mR ) =mgdsin 0 + —kd 

2 2 


Em sin 0+ kd? 
i» 
I mR? 


(2) 


(3) 


(4) 


(5) 


FIG. P10.69 


FIG. P10.70 


2(0.500 kg)(9.80 m/s? (0.200 m)(sin37.0°) + 50.0 N/m (0.200 m)" 


(b) o= 
\ 


1.18 + 2.00 
Y 105 


= 43.04 =| 174 rad/s 


1.00 kg - m? +0.500 kg(0.300 m)? 
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P10.71 


P10.72 


P10.73 


(a) m»jg-T,-mja 
T, =m,(g- a) = 20.0 kg(9.80 m/s? -2.00 m/s?) - | 156 N 
Tı -migsin37.0?- m;a 
T, = (15.0 kg)(9.80 sin 37.0°+2.00) m/s? =| 118 N 


b)  (T, -T, )R=Ia= (4) 


(T,-T,)R? _ (156 N -118 N)(0.250 m) — 
ü 2.00 m/s? 


FIG. P10.71 


[= 


117 kg-m? 


For the board just starting to move, 


DLE mg{ ese - [2n e R 
a- [5 oso [A 
PAN mg 


The tangential acceleration of the endis a,=la= 3 gcosé 
2 FIG. P10.72 


f ; 3 
The vertical component is &,—8,cos0-—g cos? 
2 


If this is greater than g, the board will pull ahead of the ball falling: 


(a) 28 cos? 0> g gives cos? 022 so cos 2 E and 0x 35.3? 


(b) When 90 = 35.3°, the cup will land underneath the release-point of the ball if r, = (cos0 


When ¢=1.00 m, and @=35.3° T, = 1.00 m =0.816 m 


so the cup should be (1.00 m -0.816 m) =| 0.184 m from the moving end 


At t=0, @=3.50 rad/s = œe’. Thus, e =3.50 rad/s 
At t=9.30 s, @= 2.00 rad/s = aye °°), yielding o = 6.02 x10? s! 


-ot 
do d Moe E 
(a) a= T | 7 a a 
At t=3.00s, 


a = (3.50 rad/s)(-6.02 x 10? jd ee) =| -0.176 rad/s? 
t 
T (a) = (a) E 
(b) dole “dt=—*[e Z 1]- mal e il 


At t=2.50s, 


2 
_ 8.50 rad/s Í , (60210 29) a32 NITET 
(6.02 x 10?1/s 


3.50 rad 
© — Ast2,05 “(1 a re A 
k x S 


T= 58.2 rad =| 9.26 rev 
[o 


P10.74 
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Consider the total weight of each hand to act at the center of gravity (mid-point) of that hand. Then 
the total torque (taking CCW as positive) of these hands about the center of the clock is given by 


L L 
Gs me[2 sino, mns{ E ing, - - (mla sint + yy sin) 


If we take t = 0 at 12 o'clock, then the angular positions of the hands at time t are 


On =O nt j 
m 
where O= P rad/h 
and 0, =Ont, 
where 0, 7 2z rad/h 
Therefore, T = —4.90 m/ s? joo kg(2.70 m) sin( 2) +100 kg(4.50 m)sin 2d 
Or 7—-—794 N. m sin 2) + 2.78 sin 2d , Where t is in hours. 


a) At 3:00, t - 3.00 h, 


so tT=-7%4 N. m sin) +2.78sin 6x] -|-794N-m 


(ii) At 5:15, t=5 h+ » h 25.25 h, and substitution gives: 


7-2|-2510N.m 
(iii) At 6:00, T=|O0N-m 
(iv) At 8:20, t=|-1160N-m 
(v) At 9:45, tT =| -2 940 N-m 
(b) The total torque is zero at those times when 


sin( Z) + 2.78 sin 2zt =0 


We proceed numerically, to find 0, 0.515 295 5, ..., corresponding to the times 


12:00:00 12:30:55 12:58:19 1:32:31 1:57:01 
2:33:25 2:56:29 3:33:22 3:56:55 4:32:24 
4:58:14 5:30:52 6:00:00 6:29:08 7:01:46 
7:27:36 8:03:05 8:26:38 9:03:31 9:26:35 


10:02:59 10:27:29 11:01:41 11:29:05 
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*P10.75 (a) 


(b) 


P10.76 | Energy is conserved so AU + AK rot + AK wans =O 


Since ræ =v, this gives 


or 


As the bicycle frame moves forward at speed v, the center of each wheel moves forward at 
the same speed and the wheels turn at angular speed ø = - The total kinetic energy of the 


bicycle is 


K-K +K 


trans rot 


or 


1 1 1 1 v? 
K= 2 (frame + 2m wheel JU” + Ansa? » 3 tame + 2M wheel )v? + (hrar |) s 


This yields 


K= Z (Mane +3M wheel 0” = Tsss kg +3(0.820 kg) [3.35 m/s)” =[ 61.2] J. 


As the block moves forward with speed v, the top of each trunk moves forward at the same 


speed and the center of each trunk moves forward at speed a The angular speed of each 


roller is @ = 2s As in part (a), we have one object undergoing pure translation and two 


identical objects rolling without slipping. The total kinetic energy of the system of the stone 
and the trees is 


or 


1 1 vY (1 1 1 1 v? 
K= 2 stone +2 2 Meel) + (5 Ine = (son 2 (imp as) 


This gives 


K- xmas + dms Jo? = Tjen kg +0.75(82.0 kg) (0.335 m/s) - [5038] |. 


mg(R — r)(cos Delimo? ol emr pe =0 


nE E (R-r)1-cosO0)g 


7 r? 


10Re(1- cos FIG. P10.76 
s Pas ) since R>>r. 
r 
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P10.77 YF-T-Mg--Ma VY-TR-Ia- zz) 


R 
(a) Combining the above two equations we find 
T- M(g-a) 
and 
ma A 
M IG. P10.77 
thus T= ME 
3 
2T 2( Mg 2 
b = = = 
i dace sí 3 35 
2 =v? + 2al - x;) ?20 "E h-0 
(c) vy = vj *2üxg - xi v; -0- 38K ) 
4gh 
T= ILE 
i 3 


For comparison, from conservation of energy for the system of the disk and the Earth we 
have 


2 
U 
Mgh+0+0=0+2(4mr?) 24} 17 
2\2 2 f 


R 
4gh 
ra 


U gi NE Eas =U, tK +K 


trans f : 


P10.78 (a) > F, =F-f=Ma: Mr-fR-Ie 


Using I= Í MR? and a= e we find a= ER 
2 R 3M 


(b) When there is no slipping, f = u Mg. 


Substituting this into the torque equation of part (a), we have 


F 


1 
MeR - — MRa and u=| —— |. 
HME: 2 A 3Mg 
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P10.79 


(a) 


(b) 


AK iot + AK ans + AU = 0 m 


Note that initially the center of mass of the sphere is a 

distance h+r above the bottom of the loop; and as the 

mass reaches the top of the loop, this distance above h 

the reference level is 2R—r. The conservation of P 
energy requirement gives 


T L 23152 
MERE) = MRR eT) cero 149 FIG. P10.79 
For the sphere I = = mr? and v=rq so that the expression becomes 


ghe 2gr - 2gR v (1) 


Note that A = hmin when the speed of the sphere at the top of the loop satisfies the condition 


2 
mo 
$ F=mg= R- or v? = g(R-r) 


Substituting this into Equation (1) gives 


Min = 2(R - 7r) -0.700(R — r) or | hmin = 2-70(R —1) = 2.70R 


When the sphere is initially at h=3R and finally at point P, the conservation of energy 
equation gives 


mg(3R *r)-2 mgR + : mo? + : mo? , or 


o? -T Rer 


Turning clockwise as it rolls without slipping past point P, the sphere is slowing down with 
counterclockwise angular acceleration caused by the torque of an upward force f of static 


friction. We have * F, = ma, and $7 = Ia becoming f — mg - mar and fr = B 


5 
Eliminating f by substitution yields o = n so that XF, = -2mg 
r 


2 W\2R+r 2 
YE --n = (7X a aiae (since R>>r) 
R-r R-r 7 


P10.80 


P10.81 
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Consider the free-body diagram shown. The sum of torques 
about the chosen pivot is 


Hx 
cca Fe=( Sm”) oN: = ($m Jaca (1) 
3 2 3 
(a) ¢=1=1.24m: In this case, Equation (1) becomes mg l 
3(14.7 N 
acm = 2E ot = 35.0 m/s? 
2m  2(0.630 kg) 

DF, = macy >F +H, = macy or H, = macy -F 

Thus, H, _ (0.630 kg)(35.0 m/s?) —147 N E 47.35 N OE °° * Sa aero 
FIG. P10.80 


H. =| 7.35iN |. 


(b) l= Z =0.620 m: For this situation, Equation (1) yields 
3F  3(147 N) 


=—= =17.5 m/s”. 
“CM 4m  4(0.630 kg) nye 


Again, » F, = macm => H, =macy —F,so 
x CM x CM 


H, = (0.630 kg)(17.5 m/s?]-147 N =-3.68 N or H, =| -368i N |. 


F 
(c) If H, =0, then YF, = macy >F = macy, or acy = —. 
m 


Thus, Equation (1) becomes 


Fe= EB so (= 2j = 20.24 m) =| 0.827 m (from the top) |. 
3 m 3 3 


Let the ball have mass m and radius r. Then I = zm? . If the ball takes four seconds to go down 


twenty-meter alley, then v —5 m/s. The translational speed of the ball will decrease somewhat as 
the ball loses energy to sliding friction and some translational kinetic energy is converted to 
rotational kinetic energy; but its speed will always be on the order of 5.00 m/s, including at the 
starting point. 

As the ball slides, the kinetic friction force exerts a torque on the ball to increase the angular speed. 


When @ = in the ball has achieved pure rolling motion, and kinetic friction ceases. To determine the 
r 


elapsed time before pure rolling motion is achieved, consider: 


Yt =la>(upmg)r = (s ml 49 aH which gives 


. 2(5.00 m/s) 2.00 m/s 


SHS HS 
Note that the mass and radius of the ball have canceled. If #4, =0.100 for the polished alley, the 
sliding distance will be given by 


t 


2.00 m/s 


=10.2 m or Ax ~| 10! m |. 
(0.100)(9.80 m/s?) 


Ax = 9t = (5.00 m/s) 
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P10.83 


Rotation of a Rigid Object About a Fixed Axis 


Conservation of energy between apex and the point where 
the grape leaves the surface: 


mgy - zmoj +510} 


2 
1 2 1/2 2 Uf 
mgR(1-— cos0) - 2s + DE mR I 7 | 
n 
2 
which gives 2(1—cos0) = EB ern (1) 
10| R 


mg cos0 mg sind 
Consider the radial forces acting on the grape: 


2 FIG. P10.82 
mo 
mg cos@-—n =——. 

R 


At the point where the grape leaves the surface, n > 0. 
2 2 
mo v 
M nct 
R 
Substituting this into Equation (1) gives 


Thus, mg cos0 = = g cosQ. 


7 10 
— gcos 0 = — g cos ĝ or cos 0 = — and 0 =| 54.0° |. 
8-8 10 8 17 


(a) There are not any horizontal forces acting on the rod, so the center of mass will not move 
horizontally. Rather, the center of mass drops straight downward (distance h/2) with the rod 
rotating about the center of mass as it falls. From conservation of energy: 

Ky +U, =K; BU. 

1 1 h 
—Mvéy * lo? +0 =0+ Mg} — | or 
2. "CM TS 8 2 


2 
1 Moy + : : mn?) PM ZU which reduces to 
2 2412 4 2 


3gh 
[E 


(b) In this case, the motion is a pure rotation about a fixed pivot point (the lower end of the rod) 
with the center of mass moving in a circular path of radius h/2. From conservation of energy: 


1140-0 -M(2 or 
2 2 
1(1 : h 
( L3 "CM | = Mg ( which reduces to 
2\3 h 2 


2 
[3e 
UcM = PE 


P10.84 


P10.85 


(a) 


(b) 


(c) 


(a) 


(b) 


(c) 
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2 


The mass of the roll decreases as it unrolls. We have m — where M is the initial mass of 


T 
R? 
mr? 


the roll. Since AE =0, we then have AU, + AK ans + AK, = 0. Thus, when I = ux 


2 2.2 
(mgr - MgR) +" [a 2 po 
Ag( f? -n) 


Since wr =v, this becomes v = 25: 
f 


Using the given data, we find v =| 5.31x10* m/s 


We have assumed that AE - 0. When the roll gets to the end, we will have an inelastic 


collision with the surface. | The energy goes into internal energy |. With the assumption we 


made, there are problems with this question. It would take an infinite time to unwrap the 
tissue since dr — 0. Also, as r approaches zero, the velocity of the center of mass approaches 
infinity, which is physically impossible. 


DF, =F + f =Macm F 
>it =FR- fR=la 
la AF 
ER- (M —~F)R=—™ aa 
(Macy — F) R acM 3M X 
FIG. P10.85 
4F 1 
= Macy -F =M —F=|—F 
f=Macy -F= M(E) 


oj =v; + a(x, -xj) 


8Fd 
2; =| I 
3M 
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P10.86 Call f, the frictional force exerted by each roller MX F 
backward on the plank. Name as f, the rolling " O SaaS 
m R 


resistance exerted backward by the ground on 
each roller. Suppose the rollers are equally far 
from the ends of the plank. 


For the plank, FIG. P10.86 


YH-ma, 6.00 N-2f, = (6.00 kg)a, 


a 
The center of each roller moves forward only half as far as the plank. Each roller has acceleration -* 


and angular acceleration 
a, [2 4, 
(5.00 cm) (0.100 m) 


Then for each, 


a 
DF, =ma, +f,- f, =(2.00 kg) > 


1 2 dp 
=] 5.00 5.00 = —(2.00 kg (5.00 
Xc-le (—— f(500em)« f (8.00 em) = 7 (200 kg)(5.00 cm)! — — 


1 
So f,+fy= G kp, 
Add to eliminate f, : 


2f, =(1.50 kg)a, 


(a) And 6.00 N - (1.50 kg)a, = (6.00 kg)a, 
(6.00 N) 2 
=>———~ =| 0.800 
y= sake) Oa] 
LR 2 
For each roller, a= m 0.400 m/ S 


(b) Substituting back, 2f, = (1.50 kg)0.800 m/s? | Mg 
6.00 N 
f, =| 0.600 N 
1 
0.600 N + f, => kg(0.800 m/s?) i od Í | » 
fy = -0.200 N 


n, ft 
The negative sign means that the horizontal force ^ Je 
of ground on each roller is | 0.200 N forward P " 
rather than backward as we assumed. 
— — 
fo fo 
np Ny 


FIG. P10.86(b) 


P10.87 


P10.88 


P10.89 


Rolling is instantaneous rotation about the contact point P. The 
weight and normal force produce no torque about this point. 


Now F; produces | a clockwise torque | about P and makes the 


spool roll forward. 


Counterclockwise torques | result from F; and F,, making the 


spool roll to the left. 


The force F, produces | zero torque | about point P and does 


not cause the spool to roll. If F, were strong enough, it would 
cause the spool to slide to the right, but not roll. 


The force applied at the critical angle exerts zero torque about 
the spool's contact point with the ground and so will not make 
the spool roll. 


From the right triangle shown in the sketch, observe that 
0, 2909-9 = 90°-(90°-7) = y. 


Thus, | cos@, 2 cosy = = ; 
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FIG. P10.87 


FIG. P10.88 


(a) Consider motion starting from rest over distance x along the incline: 


[Kis + Ky + u), *AE- (K rans + Kyot + u), 


2 


2 
0-0 Mgr sind +0 = 7 Mo? TETI +0 


2Mgxsin 0 =(M + 2m)v? 


Since acceleration is constant, 


v’ =v; +2ax=0+2ax, so 2^ S 
y a * 
2Mgxsin 0 =(M + 2m)2ax iz Fd 
a 
ss Mgsin@ * a 
(M+2m) 


FIG. P10.88 


continued on next page 
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(c) Suppose the ball is fired from a cart at rest. It moves with acceleration ¢sin@=a, down the 
incline and a, =—gcos@ perpendicular to the incline. For its range along the ramp, we have 


1 2 
- yj =V t-> gcos" 20-0 
Y=Yi=Vyi 28 
fos 20 yi 
gcosé 


1 
X-X;= vult as 


4v? 
d-0«lgsind —— 
2 g cos” 0 
3 20; sind 
i gcos? 0 
(b) In the same time the cart moves 


1 
x—-xj;-Uyt- sat 


1| gsinéM 40j; 
d, =0+ aE 
2| (M+ 2m) }\ g^ cos” 0 


207, sin M 
Ee g(M +2m)cos? 6 
So the ball overshoots the cart by 
2v;sinÓ 2v7; sin@M 
clas can sin 0; sin 
C 


gcos? gcos? ((M + 2m) 
27, sin OM + 4v7; sin m — 207; sin M 

Ax - 

gcos? (M + 2m) 


Amo; sin 0 


7 (M +2m)g cos? 6 
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P10.90 — Y F,-ma, reads -f +T = ma. If we take torques around the center of mass, 
we can use $7 = 1a, which reads + fR, - TR; = Ia. For rolling without dU 
slipping, a = EN By substitution, T 
R, f 
tn 
la I 
Hic m (T- f) FIG. P10.90 


fRim - TR Ram = IT - If 
f(I+mR3) 2 T(I - mRR;) 
j (nes j 


1+mR3 


Since the answer is positive, the friction force is confirmed to be | to the left. 


ANSWERS TO EVEN PROBLEMS 


P10.2 (a) 822 rad/s? ; (b) 421x 10? rad P10.28 ÍM 
2 


P10.4 1.20 x10? rad/s; (b) 25.0 
d (a) i $ / b E: P10.30 168 N -m clockwise 


2 
P10.6  -226 rad/s P10.32 882N-m 


P10.8 — 137 rad/s” P10.34 (a) 1.03 s; (b) 10.3 rev 
P1010 (a) 2.88 s; (b) 12.8 s P10.36 (a) 21.6 kg-m?; (b) 3.60 N-m; (c) 52.4 rev 
P10.12 (a) 0.180 rad/s; P10.38 0312 

(b) 8.10 m/s? toward the center of the 

track P1040 104x102] 


P10.14 (a) 0.605 m/s; (b) 17.3 rad/s; (c) 5.82 m/s; P10.42 149 rad/s 
(d) The crank length is unnecessary 
P10.44 = (a) 6.90 J; (b) 8.73 rad/s; (c) 2.44 m/s; 


P10.16 — (a) 54.3 rev; (b) 12.1 rev/s (d) 1.043 2 times larger 
P10.18 . 0.572 P10.46 — 2.36 m/s 
P10.20 (a) 92.0 kg.m?; 184; P1048 276] 


(b) 6.00 m/s; 4.00 m/s; 8.00 m/s; 184] 
P10.50 — (a)743 W; (b) 401 W 
P10.22 see the solution 


7M? 
P10.24  128kg.m? Rime 10 


— 10? ke. m? [4h 
P10.26 I kgm P10.54 The disk; = versus J'gh 
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P10.56 


P10.58 


P10.60 


P10.62 


P10.64 


P10.66 


P10.68 


P10.70 


P10.72 


P10.74 


(a) 2.38 m/s; (b) 4.31 m/s; 


(c) It will not reach the top of the loop. 


(a) 0.992 W; (b) 827 W 
see the solution 


(a) 12.5 rad/s; (b) 128 rad 


g(h —hy) 
27R* 


(a) 2.57 x10” J; (b) -1.63x 10!” J/day 


139 m/s 


: 2 
(a) a (b) 1.74 rad/s 
\ I+mR 


see the solution 


(a) -794 N-m; -2510 N-m; 0; 
-1160 N-m; -2940 N-m; 
(b) see the solution 


P10.76 


P10.78 


P10.80 


P10.82 


P10.84 


P10.86 


P10.88 


P10.90 


10Rg(1 -cos 6) 


7r? 
see the solution 


(a) 35.0 m/s?; 735i N; 
(b) 17.5 m/s? ; -3.68i N; 
(c) At 0.827 m from the top. 


54.0° 


4 R?- 3 
(a) m ! ) 


(c) It becomes internal energy. 


; (b) 531x10* m/s; 


(a) 0.800 m/s? ; 0.400 m/s?; 

(b) 0.600 N between each cylinder and the 
plank; 0.200 N forward on each cylinder 
by the ground 


see the solution 


see the solution; to the left 
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ANSWERS TO QUESTIONS 


Q11.1 . No to both questions. An axis of rotation must be defined to 
calculate the torque acting on an object. The moment arm of 
each force is measured from the axis. 


Q11.2 A. (Bx C) isa scalar quantity, since (Bx C) is a vector. Since 
A-B isa scalar, and the cross product between a scalar and a 
vector is not defined, (A-B)x C is undefined. 


^ 


O113 (a) Down-cross-left is away from you: -j x (-i) --k 


(b) Left-cross-down is toward you: -ix (-i) =k 


FIG. Q11.3 
Q11.4 The torque about the point of application of the force is zero. 
Q11.5 You cannot conclude anything about the magnitude of the angular momentum vector without first 
defining your axis of rotation. Its direction will be perpendicular to its velocity, but you cannot tell 


its direction in three-dimensional space until an axis is specified. 


Q11.6 Yes. If the particles are moving in a straight line, then the angular momentum of the particles about 
any point on the path is zero. 


Q11.7 Its angular momentum about that axis is constant in time. You cannot conclude anything about the 
magnitude of the angular momentum. 


Q11.8 No. The angular momentum about any axis that does not lie along the instantaneous line of motion 
of the ball is nonzero. 
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Q11.9 


Q11.10 


Q11.11 


Q11.12 


Q11.13 


Q11.14 


Q11.15 


Q11.16 


Q11.17 


Q11.18 


Q11.19 


Q11.20 


There must be two rotors to balance the torques on the body of the helicopter. If it had only one 
rotor, the engine would cause the body of the helicopter to swing around rapidly with angular 
momentum opposite to the rotor. 


The angular momentum of the particle about the center of rotation is constant. The angular 
momentum about any point that does not lie along the axis through the center of rotation and 
perpendicular to the plane of motion of the particle is not constant in time. 


The long pole has a large moment of inertia about an axis along the rope. An unbalanced torque will 
then produce only a small angular acceleration of the performer-pole system, to extend the time 
available for getting back in balance. To keep the center of mass above the rope, the performer can 
shift the pole left or right, instead of having to bend his body around. The pole sags down at the 
ends to lower the system center of gravity. 


The diver leaves the platform with some angular momentum about a horizontal axis through her 
center of mass. When she draws up her legs, her moment of inertia decreases and her angular speed 
increases for conservation of angular momentum. Straightening out again slows her rotation. 


Suppose we look at the motorcycle moving to the right. Its drive wheel is turning clockwise. The 
wheel speeds up when it leaves the ground. No outside torque about its center of mass acts on the 
airborne cycle, so its angular momentum is conserved. As the drive wheel's clockwise angular 
momentum increases, the frame of the cycle acquires counterclockwise angular momentum. The 
cycle's front end moves up and its back end moves down. 


The angular speed must increase. Since gravity does not exert a torque on the system, its angular 
momentum remains constant as the gas contracts. 


Mass moves away from axis of rotation, so moment of inertia increases, angular speed decreases, 
and period increases. 


The turntable will rotate counterclockwise. Since the angular momentum of the mouse-turntable 
system is initially zero, as both are at rest, the turntable must rotate in the direction opposite to the 
motion of the mouse, for the angular momentum of the system to remain zero. 


Since the cat cannot apply an external torque to itself while falling, its angular momentum cannot 
change. Twisting in this manner changes the orientation of the cat to feet-down without changing 
the total angular momentum of the cat. Unfortunately, humans aren't flexible enough to accomplish 
this feat. 


The angular speed of the ball must increase. Since the angular momentum of the ball is constant, as 
the radius decreases, the angular speed must increase. 


Rotating the book about the axis that runs across the middle pages perpendicular to the 
binding—most likely where you put the rubber band—is the one that has the intermediate moment 
of inertia and gives unstable rotation. 


The suitcase might contain a spinning gyroscope. If the gyroscope is spinning about an axis that is 
oriented horizontally passing through the bellhop, the force he applies to turn the corner results in a 
torque that could make the suitcase swing away. If the bellhop turns quickly enough, anything at all 
could be in the suitcase and need not be rotating. Since the suitcase is massive, it will want to follow 
an inertial path. This could be perceived as the suitcase swinging away by the bellhop. 
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SOLUTIONS TO PROBLEMS 


Section 11.1 


P11.1 


P11.2 


P11.3 


P11.4 


MxN=|6 2 -1/=| -7.00i+16.0j-10.0k 


(a) 


(b) 


(a) 


(b) 


The Vector Product and Torque 


2 -1 -3 


area =|A x B| - ABsin@ = (42.0 cm)(23.0 cm) sin(65.0°-15.0°) =| 740 cm? 


A +B=[(42.0 cm)cos15.0°+(23.0 cm) cos 65.0°}i + [(42.0 cm) sin15.0°+(23.0 cm)sin65.0°]j 
A +B - (503 cm)i+(3L7 cm)j 


length =|A + B| = (50.3 cm)” + (31.7 cm)? = 


AxB=|-3 -17.0k 


wo A > 
Co CO F> 
ll 


|A x B| - |A|B|sin @ 
17 2 5413 sin 


: 17 S 
0- arcsin I. = 


A -B = —3.00(6.00) + 7.00(—10.0) + (-4.00)(9.00) = —124 


AB = (3.00)? « (700) + (400) -(6.00)” + (-100)* « (900)* - 127 


(a) 


(b) 


(c) 


sos (42) = cos ! (-0.979) =| 168° 
AB 


i j k 
AxB=|-3.00 7.00 —4.00|= 23.0i + 3.00) -12.0k 
600 -100 9.00 


|A x B| = 4(23.0)? + (3.00)? - (-12.0)? = 26.1 


AxB 
E Axe = sin! (0.206) =| 11.9° | or 168° 
AB 


Only | the first method | gives the angle between the vectors unambiguously. 
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"P115 — ¢=rxF=0.450 m(0.785 N)sin(90°-14°) up x east 
=| 0.343 N-m north 


FIG. P11.5 
P11.6 The cross-product vector must be perpendicular to both of the factors, so its dot product with either 
factor must be zero: 
Does (2i-3j+4k)-(4i+3j-k)=0? 
8-9-4=-5+0 
No |. The cross product could not work out that way. 
P11.7 |A x B[- A-B=> ABsin@ = ABcos0 — tan0=1 or 
Q -| 45.0° 
i jk 
P11.8 (a) t=rxF=/1 3 0|-i(0—0)-j(0—0)- k(2-9)- | (-7.00 N-m)k 
2 0 
(b) The particle's position vector relative to the new axis is 1i 3j = 6j =1i- 3j f 
i j k 
r-[| -3 0|=| (11.0 N-m)k 
3 20 
P11.9 |F;| =|F,|+|F,| 


The torque produced by F, depends on the 


perpendicular distance OD, therefore translating the 
point of application of F, to any other point along 


BC | will not change the net torque |. 


FIG. P11.9 
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x "ERE E -— CE cs — ee 
P1110 |ixij=1-1-sin0°=0 ; e ixj-k [Sy ixi--& 
—À 4 
> © 
Hh AA i (GL, s r £i NORMA 
jx j and kxk are zero similarly since the p [e jxk=i so Py PRSE 
vectors being multiplied are parallel. k i "P XA... . 
"E" D Ede kxi=j so X ikk- 
ix j|=1-1-sin90°=1 
FIG. P11.10 


Section 11.2 Angular Momentum 


PUI L= mvr, 
= (4.00 kg)(5.00 m/s)(0.500 m) + (3.00 kg)(5.00 m/s)(0.500 m) 


L-175 kg m? /s ,and 


L- (17.5 kg m? /s)k | 


FIG. P11.11 


P11.12 L=rxp 
L = (1.501 + 2.205) m x (1.50 kg)(4.20i-3.60j) m/s 


L=(-8.10k-13.9k) kg-m?/s=| (-220 kg:m*/s)k | 


P1143 — r=(6.00i +5.00#j m) v- » =5.00j m/s 


so p=mv=2.00 kg(5.00j m/s) = 10.0j kg m/s 


i j k 
and L=rxp=|6.00 500: 0 =| (60.0 kg-m?/s)k | 
0 100 0 
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2 
PHI =F, =ma, Tsing = I. 
T 


2.5 -ma, 


sind v? 


T cos 0 = mg 


sin ð 


So 


cosÓ - Tg cos 


L = rmv sin 90.0° 


L= m?gr —— 


r= fsinO, so 
L= [mg SO 
cos 0 
vt 


The angular displacement of the particle around the circle is 0 = ot = rà 


P11.15 


The vector from the center of the circle to the mass is then 
Rcos0i-Rsin6j f 


FIG. P11.14 


The vector from point P to the mass is 


r- Ri - Rcos0i * Rsin6j 


e osos sn (25j 


The velocity is 


dr : (= (=) 
v =— =~vsin| — |i+vcos| — |j 
dt R R 


So L=rxmv 


L= moR| (1 * cos at)i -- sin oj] x |- sin ati + cos fj 
LOL 2) * i 
R 


The net torque on the counterweight-cord-spool system is: 


P11.16 


FIG. P11.15 


||» |r x F| = 8.00 x 10? m(4.00 kg)(9.80 m/s”) - 3.14 N-m |. 


(b) 


|L| = |r x mv|+ Io 


dL 3.14 N-m j 
=“ = (0.400 kg- == 7.85 
rw oM kg-m)a a= Fs | 785 ms | 


[L| = Rmo+ MR 2) = nme p= 
2 R 2 


(c) 


(0.400 kg -m)o 


P11.17 


P11.18 
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(a) Zero 


OP Vi = Vui 


(b) At the highest point of the trajectory, 


o 
x-ÍR- vi sin20 daB 
2 2g 
(v; sind)” 
y = (m = 2g 
FIG. P11.17 
L, =f xmv; 
v? sin 20 ; (vj sin oy, 2 ^ 
= 2g i+ 2g jx mo, 
| 7m(o; sin 0)^v; cosO È 
2g 
^ v? sin20 
(c) L;-Rixmv;, where R  ————— 
-mRix (v; cosÓ i — v; sin j) 
ERR F 
^ | —mv? sin2 E 
za in c mv; sin 20sin 0 k 
& 
(d) The downward force of gravity exerts a torque in the -z direction. 


Whether we think of the Earth's surface as curved or flat, we interpret the problem to mean that the 
plane's line of flight extended is precisely tangent to the mountain at its peak, and nearly parallel to 
the wheat field. Let the positive x direction be eastward, positive y be northward, and positive z be 
vertically upward. 


(a) r = (430 km)k = (4.30 x 10° m)k 


p = mv =12000 kg(-175i m/s) - 2210 105i kg m/s 


L-rxp - (430x 109 m)x (-210 1051 kg-m/s) = | (-903 x10? kg-m?/s)j 


(b) No|.L- Ir||p| sind = mv(r sin 0), and rsin@ is the altitude of the plane. Therefore, L = 


constant as the plane moves in level flight with constant velocity. 


(c) Zero 


. The position vector from Pike’s Peak to the plane is anti-parallel to the velocity of 


the plane. That is, it is directed along the same line and opposite in direction. 


Thus, 


L = mvr sin180°=0. 
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P11.19 


P11.20 


The vector from P to the falling ball is 


1 
r=ř; t vibrat 


^ 


t-(feosti e (sino j]-0- (ar } 


The velocity of the ball is 


v 2 v; at -0- gt 


So L=rxmv 


L= m| (eos 0i+ lsind i) +0- rad X (-stj) FIG. P11.19 


L 


—mlgt cos Ó k 


Il 


In the vertical section of the hose, the water has zero angular 
momentum about our origin (point O between the fireman's feet). 


n" V 
As it leaves the nozzle, a parcel of mass m has angular momentum: f 


L = |r x mv| = mrv sin 90.0° = m(1.30 m)(12.5 m/s) 


L- (163 m?/s)m T 


The torque on the hose is the rate of change in angular momentum. 
Thus, 


T= i - (163 m? DE - (163 m?/s)(6.31 kg/s) = 


FIG. P11.20 


Section 11.3 Angular Momentum of a Rotating Rigid Object 


*P11.21 


P11.22 


2.2 2 
Kat p21 Pe? L 
2 2 fr uu 


The moment of inertia of the sphere about an axis through its center is 


I- MR - z (50 kg)(0.500 m)” - 1.50 kg -m° 


Therefore, the magnitude of the angular momentum is 
L = Io - (1.50 kg m? (3.00 rad/s) - 450 kg m? /s 


Since the sphere rotates counterclockwise about the vertical axis, the angular momentum vector is 
directed upward in the +z direction. 


Thus, L- (450 kg m? /s)k p 


P11.23 


P11.24 


P11.25 


*P11.26 
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(a) L=lø= (FMR? jo = EET kg)(0.200 m)^(6.00 rad/s) =| 0.360 kg-m”/s 


2 
(b) b= to=| Lan? (1 I 


Ze 3.00 kg)(0.200 m)*(6.00 rad/s) =| 0.540 kg -m*/s 
n 8 


The total angular momentum about the center point is given by L- 1,0, + 1,,@,, 


mul _ 60.0 kg(2.70 m) 


with I =146 kg: m’ 
h 3 3 8 
2 100 kg(4.50 m)? 
and m LT gl 22, -675 kg.m? 
3 3 
fn addition, 5,2 279| 1h |. 15.15 rad/s 
12h (3600s 
while Qu o SS) HUI oa vods adis 
th (3600s 
Thus, L=146 kg-m?(145x10~* rad/s) +675 kg -m^(175 x10 rad/s) 
or L=1.20 kg -m?/s 


(a) I= Sm 4m5(0.500)? = 1; (0.100)(1.00)7 +0.400(0.500)” = 0.108 3 kg -m? 


L = Ic = 0.108 3(4.00) =| 0.433 kg m? /s 


(b) I= jm -mjR?- 5 (0.100).00) 4-0.400(1.00)? = 0.433 


L =I =0.433(4.00) =| 1.73 kg m? /s 


$ F, =ma,: +f,=ma, 
88 cm 


We must use the center of mass as the axis in m 7 
n S 
$-la: — F(0)-n(775 cm)+ f,(88 cm)=0 Praes 
2 


DF, =ma,: «n-F,-0 
FIG. P11.26 
We combine the equations by substitution: 


—mg(77.5 cm) + ma,,(88 cm) =0 


2 
T (9.80 ee cm 63 a] 
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2 
*P1127 We require a, =g = ? -o?r 
r 


(9.80 bail 
= 0.313 rad/s 


I-Mr? PRA ids -5x10? kg. m? 


(a) L=I@=5x10° kg-m?0.313/s =| 1.57 x10? kg-m?/s 


I(o , -;) 
(c) 2 reds T 


D At= la, Io; =L,-L; 


This is the angular impulse-angular momentum theorem. 


L,-0 157x108 kg.m?/s - 
bx. 2(125 N)(100 m) 


(b) At= 6.26 x10° s |=1.74h 


Section 11.4 | Conservation of Angular Momentum 


P11.28 (a) From conservation of angular momentum for the system of two cylinders: 
(I, *15)o , 2 o or "E h o 
pt 12/0 p= 0j ERSA 
(b) K sity +1,)07 and Kotio 
f 2 1 2d f i 2 ad: 
Ky i(h«L5) 1 S: 
so I. :ü l2) l o;| = 1__ which is less than 1 |. 
K; 51,0; I, +1, I, +1, 


P1129  lLo,-l;o,: (250 kg-m?)(10.0 rev/min) = [250 kg-m? + 25.0 kg(2.00 m) Jo, 


05, =| 744 rev/min 
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P11.30 (a) The total angular momentum of the system of the student, the stool, and the weights about 
the axis of rotation is given by 


lug =I + Lagen: = 2(mr?)- 3.00 kg m? 


weights 
Before: r-1.00m. 

Thus, T; = 2(3.00 kg)(1.00 m)? +3.00 kg m? = 9.00 kg m? 
After: r = 0.300 m 


Thus, I; =2(3.00 kg)(0.300 m)” +3.00 kg m? =3.54 kg. m? 


We now use conservation of angular momentum. 


ljos = I;oj 
or Of = fi O; (2 Jose rad/s) =| 1.91 rad/s 
I, 3.54 


(b) K;= gue = = (9.00 kg m? (0.750 rad/s)” =| 2.53J 


1 1 2 
K,- jue =5(3.54 kg m? (1.91 rad/s)" - | 6.44] 
P11.531 (a) Let M= mass of rod and m= mass of each bead. From I;o; - 1,0 p, we have 
[jme +2mr? los - Fra + 2mrz Je, 
12 12 


When ¢=0.500 m, r, = 0.100 m, r, =0.250 m , and with other values as stated in the 
problem, we find 


Oy — 9.20 rad/s |. 


(b) Since there is no external torque on the rod, 


L= constant and | wis unchanged |. 


*P11.32 Let M represent the mass of all the ribs together and L the length of each. The original moment of 


1 
inertia is zMU . The final effective length of each rib is Lsin22.5° and the final moment of inertia is 


=M (Lsin 22.5°) angular momentum of the umbrella is conserved: 


1 Mo, -Í MP sin? 22.5°0 f 
3 3 


1.25 rad/s 
Of ~ Gin? 225° 8.54 rad/s 
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P11.33 (a) The table turns opposite to the way the woman walks, so its angular momentum cancels 
that of the woman. From conservation of angular momentum for the system of the woman 
and the turntable, we have L; =L; =0 


SO, Ly = L oman woman + Table table =0 
and Or 1 = - Lena Jo | M woman!” { U woman ) M woman! ? woman 
abie woman 
I table I table r I table 
60.0 kg(2.00 m)(1.50 m/s 
table zi X 2 / ) _ 9360 rad/s 
500 kg-m 
or @ table =| 0.360 rad/s (counterclockwise) 


1 1 
(b) work done = AK =K; -0- 2 CONES ETE 2! Dod: 


W= 5(60 kg)(1.50 m/s) + (500 kg-m?)(0.360 rad/s)” =[ 99.9 J 


P11.34 When they touch, the center of mass is distant from the center of the larger puck by 


0 +80.0 g(4.00 cm + 6.00 cm) 
Y 120 g +80.0 g 


Yom = 4.00 cm 


(a) L-nm,v, «rmv; =0+(6.00 x10 m)(80.0 x 10> kg)(1.50 m/s) =| 7.20 x10 kg-m?/s 


(b) The moment of inertia about the CM is 


I= (im? + mt T Gaze T mat) 
2 2 
I= 5 (0120 kg)(6.00 x10? mJ + (0.120 kg)(4.00 x 107)" 


+ EC x10? kg)(400 x10? mJ + (80.0 x 10? kg)(6.00 x 107 mJ 


I-750x10 * kg. m? 
Angular momentum of the two-puck system is conserved: L- Io 


L 720x10? kg.m?/s _ 
I  760x10* kg.m? 


9.47 rad/s 


P11.35 


P11.36 


P11.37 
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(a) L;=mvl J, Teg =0,80 Ly =L; =| mot 
L; =(m+M)o;é 


m 
2 =( y 
m+M 


Ly? 
b Kiss 
6) — Kj-zme 


1 
Ky =5(M+m)oj 


v= ( m Y — velocity of the bullet 
M+m 


FIG. P11.35 
and block 
lgp?—1 m g2 
Fraction of K lost == 2 M | M 
imo M+m 
For one of the crew, 
$ F, ce Preis -mo?r 
r 
We requi = = E 
quire n=mg ,SO ©; = 
r 
Now, Io; 2 Io, 


[5.00 x 108 kg-m? +150 x 65.0 kg x (100 wl - [5.00 x10? kg m? +50 x 65.0 kg(100 m)?’ fo ; 
r 


5.98 x 10? [Eo -1128 
532x108 Nr 1 Vr 


Now, la,|= Fr =1.26g =| 12.3 m/s? 


(a) Consider the system to consist of the wad of clay 
and the cylinder. No external forces acting on this 
system have a torque about the center of the O- 
cylinder. Thus, angular momentum of the system d 
à : : m ME 
is conserved about the axis of the cylinder. 
L; = L : 


m E ad mR? o —€— FIG. P11.37 


2mv;d 


Thus, (uoi 
(M+2m)R 


(b) No |. Some mechanical energy changes to internal energy in this perfectly inelastic collision. 
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*P1138 (a) Let o be the angular speed of the signboard when it is vertical. 
1, 2 
—Io@* = Mgh 
Det ce 
E xw pe - MglLü -cos 0) 

243 2 
3g(1-cos8) 
L 


3(9.80 m/s? (1 - cos 25.0°) 
g 0.50 m FIG. P11.38 


“OF 


2.35 rad/s 


(b) I,@, — I;o; -moL represents angular momentum conservation 


E E * m? Jo f= 1 uo, -moL 
3 3 


iMLoj —mo 


Oe 
1(2.40 kg)(0.5 m)(2.347 rad/s) - (0.4 kg)(1.6 m/s) 


i [4 (2.40 kg)+0.4 kg (0.5 m) - [0.498 rad/s | 


(c) Let ho, = distance of center of mass from the axis of rotation. 


2.40 kg)(0.25 m)+(0.4 kg)(0.50 m 
joy Et OMe mH WA RS OUR cocer 
2.40 kg +0.4 kg 


Apply conservation of mechanical energy: 
I 12 2|,2 
(AES) Stet COs) = n gu +mL’ o 


1 2.2 
ach Leone | 


2(M + m)ghey, 
[4 (2.40 kg) +0.4 kg (0.50 m)" (0.498 rad/s)” 


=cos 41 5 
2(2.40 kg +0.4 kg)(9.80 m/s?)(0.285 7 m) 


=| 5.58? 
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P11.39 The meteor will slow the rotation of the Earth by the largest amount if its line of motion passes 
farthest from the Earth’s axis. The meteor should be headed west and strike a point on the equator 
tangentially. 

Let the z axis coincide with the axis of the Earth with +z pointing northward. Then, conserving 
angular momentum about this axis, 


DL; = DL; = lo; =10;+mvxr 


or = MR 0 fk = = MR ek moRK 
R 
Thus, O;- OF = dia ji^ SITO Or 
2MR? 2MR 


5(3.00 x10? kg)(30.0 10? m/s) 
2(5.98 x 10% kg (6.37 x 105 m) 


Qj-O0y- -5.91x10 "^ rad/s 


| v? |-107P rad/s | 


max 


Section 11.5 The Motion of Gyroscopes and Tops 


*P11.40 Angular momentum of the system of the spacecraft and the gyroscope is conserved. The gyroscope 
and spacecraft turn in opposite directions. 


0=1,@,+1,@,: -ho =p 


-20 kg:m?(-100 rad/s) =5 x 10? kgm’ SY 


t 
2.62 x10° s 
t= >” =| 1315 
o e] 
2 


2 
*P1141 I= = MR? = =(598 x10% kg)(6.37 x 10° mJ. 2971x107 kg-m? 


2) 
180° 


2a rad 
86 400 s 


1 
r-Lo, =(7.06 x10” hem? un { y I ue | 


2.58 x 10* yr 4 365.25 d | 86 400 s 


L-Io -971x10? d J rasa kg m? /s? 


5.45x10? N-m 


Section 11.6 Angular Momentum as a Fundamental Quantity 


6261x10™ J. 
P1142 (a) L-J--mr donc v= Sas =| 2.19x10° m/s 
m 


2amr 2n(9.11 x 10°! kg (0.529 x 10°"? m) 


b K= sme = zon x10% kg (2.19 x 10° m/s) =| 218x10" J 


-34 
I e c 1.055x10 ^ J-s =| 4413 x 1016 rad/s 


Dom (9.11 10" kgJ(0.529 x 10? mJ 


(c) o= 
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Additional Problems 


*P11.43 


First, we define the following symbols: 


Ip = moment of inertia due to mass of people on the equator 
I; = moment of inertia of the Earth alone (without people) 
o = angular velocity of the Earth (due to rotation on its axis) 


T- Sm rotational period of the Earth (length of the day) 
to) 
R= radius of the Earth 


The initial angular momentum of the system (before people start running) is 
L; =Ipa; +10; =(Ip + Ig )o; 


When the Earth has angular speed o, the tangential speed of a point on the equator is v, = Ra. 
Thus, when the people run eastward along the equator at speed v relative to the surface of the Earth, 


[^ 


v 
their tangential speed is v, =v, +v=Ra@+v and their angular speed is @p = F =ot+ ru 


p 


The angular momentum of the system after the people begin to run is 


I 
Es =Ipo+1e0=1,[0+2) + te p eto t. 


Since no external torques have acted on the system, angular momentum is conserved (L f= L;) ; 


giving (Ip + Ig)o + Ln - (Ip + Ig )o;. Thus, the final angular velocity of the Earth is 


Ipv 


x Ipo 
(Ip * Ig)R 


(Ip * IgRo; l 


ro) =@,(1-x)=,where x= 


Ax de 


1 


o;1-x) 1-x 


The new length of the day is T = um & T; (14 x), so the increase in the length of the 
o 


I 2 TPI 
day is AT =T -T; ~ T;x =T, p? . Since w; =, this may be written as ee es 
(Ip +1,;)Ro; T; Az(Ip * Ig)R 


To obtain a numeric answer, we compute 
2 9 61:2 25 2 
Ip =m,R? = [55 x 10°)(70 kg) |(6.37 x10° m 2156x107 kg-m 
and 


2 
Ip= Z mpr? = z (5s x10% kg)(6.37 x10° mJ. 2971x107 kg-m?, 


MUN (8.64x10* s) (156x105 kg-m?)(25 m/s) — —— 
2 (1.56105 +9.71 x10”) kg: m? [637 105 m) 
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*P1144 (a) (K+U,), 2 (K«U.), 


A 


0 mgyA = Smo} +0 


vs = J2gya = 29.8 m/s?)6.30 m =[111 m/s 


(b) L=mor 276 kg 11.1 m/s 6.3m=|5.32x10° kg.m? /s toward you along the axis of the 


channel. 


(c) The wheels on his skateboard prevent any tangential force from acting on him. Then no 
torque about the axis of the channel acts on him and his angular momentum is constant. His 
legs convert chemical into mechanical energy. They do work to increase his kinetic energy. 
The normal force acts forward on his body on its rising trajectory, to increase his linear 
momentum. 


5.32x10° kg.m? /s 
|». 76kg5.85m 


(d) L=mor =| 12.0 m/s 


(e) (K «u,), «Ww -(K«U,). 


57 kg(11.1 m/s)" +0+W = 576 kg(12.0 m/s) +76 kg 9.8 m/s? 0.45 m 


W =5.44 kJ - 469 kJ +335 J =| 1.08 kJ 


(f) (K «u,). -(K«u,), 


576 kg(12.0 m/s)’ +0= 576 kgv?, +76 kg 9.8 m/s? 5.85 m 


Up =| 5.34 m/s 


(g) Let point E be the apex of his flight: 
(K«u,), =(K+U,), 


576 kg(5.34 m/s)” +0 =0+76 kg(9.8 m/s? (y; - yp) 


(Ye-Yp)=| 146m 


(h) For the motion between takeoff and touchdown 


1 
Vg = Vi + Oyt tty 


-2.34 m=0 +5.34 m/st - 49 m/s? t? 


NL 4534? + 4(4.9)(2.34) 
-9.8 


1.43 s 


(i) This solution is more accurate. In chapter 8 we modeled the normal force as constant while 
the skateboarder stands up. Really it increases as the process goes on. 
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P1145 (a) 


(b) 


(d) 


(f) 


(g) 


(h) 


I 
N 


FIG. P11.45 


Think of the whole weight, 3mg, acting at the center of gravity. 


ra rxF=(2\-i)<ams(—j)=[ (msi 


T 3mgd | 3g 


a=—= = counterclockwise 
7d 


HE 
7d 3 7 


The angular acceleration is not constant, but energy is. 


(K+U);+AE=(K+U), 


o« Gmyg(4 «o = Flo} +0 


maximum kinetic energy =| mgd 


Q9 f = 


2 14g ) 2 
Lodge 68 = ( 2) md?!” 
3 


[6 [25d 
Of =O r= BU. £ 
743 |\ 21 


P11.46 


P11.47 
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(a) The radial coordinate of the sliding mass is r(t) = (0.0125 m/s)t . Its angular momentum is 


L= mr?o = (1.20 kg)(2.50 rev/s)(2z rad/rev)(0.0125 m/s)’ £? 


or L=(2.95 x10? kg-m?/s?)t? 


The drive motor must supply torque equal to the rate of change of this angular momentum: 


r= i - (295x107? kg.m?/s? 2t) - | (0.005 89 W)t 


(b) ^ r,-(000589 W)(440 s) -[ 259 N-m 


(c) 2?= rw =(0.005 89 W)t(5z rad/s) =| (0.0925 W/s)t 


(d) 9, = (0.0925 W/s)(440 s) = 


()  T=m——= mre =(1.20 kg)(0.0125 m/s)i(Sz rad/s)” =| (3.70 N/s)t 


440 s 440 s 
(f W= j«t- f(0.0925 W/s)tdt = (0.092 5 J/s”)(440 s)? =| 8.96 KJ 
0 0 


(g) The power the brake injects into the sliding block through the string is 


R, = F- v =Tvcos180°=~(3.70 N/s)t(0.0125 m/s) =-(0.0463 W/s)t = T 
440 s 440 s 
W,- [s«dt-- [(00463 W/s)tdt 
0 0 


= ~+ (0.046 3 W/s)(440 s? =| -4.48 kJ 


(h) SW =W +W, =8.96 kJ 4.48 kJ =| 448 kJ 


Just half of the work required to increase the angular momentum goes into rotational kinetic 
energy. The other half becomes internal energy in the brake. 


Using conservation of angular momentum, we have 


2 
L aphelion T L perihelion or (mr; jo, m (mr; Joy. 


Thus, (mr? ) = = (mr? ) = giving 
a p 


"p , 0590 AU 
r ' 350AU 


T.U, = Up Or 0, = 


He (54.0 km/s) =| 0.910 km/s |. 
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P1148 (a) >t =MgR-MgR =| 0 


(b) yr E ,and since $/7-0, L= constant. 


Since the total angular momentum of the system is zero, the 
monkey and bananas move upward with the same speed 


at any instant, and | he will not reach the bananas | (until they 


get tangled in the pulley). Also, since the tension in the rope is 
the same on both sides, Newton’s second law applied to the 
monkey and bananas give the same acceleration upwards. 


P1149 (a) T =|r x F| = [r|F|sin 180? = 0 Seas 


Angular momentum is conserved. 


Pie 
\ Ti A7 | 
Ez EN K 
fs m C dee di 
v—— 


mro = M10; ! 
TiU; | 
v=| — 
r 
? | m(rv; 
(b) T = mo = ( 4 i) 
r r 
(c) The work is done by the centripetal force in the FIG. P11.49 
negative direction. 
Method 1: 
W - [F-dt - -[Tar' j^ m) dr’ mre) 
: ary? | 
mro) (1 1 1 i 
— mo2| +--1 
2 p^ ys r’ 
Method 2: 
2 
WARS ae a Ie ed 
2 2 2 r? 
(d) Using the data given, we find 
v=| 4.50 m/s T=|10.1N W =| 0.450 J 


P11.50 


P11.51 


(a) 


(b) 


(a) 


(b) 


(c) 


(d) 
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Angular momentum is conserved: mm | 


2 Tem ^ e, ^? 
Liu = 1 Ma? +n( 3) oO x 
2 12 2 
6mo; Ole d Ole 
QO =| ——— 
Md +3md 
(a) (b) 
The original energy is jl Y 
The final energy is FIG. P11.50 
2 2,.2 
Liat 1 mg,” 36m“ v; = 8m?^v;d 
2 2412 4 J(Md«3md) 2(Md+3md) 
The loss of energy is 
d 8m?v?d mMo?d 
2 ' 2(Md+3md) 2(Md+3md) 


and the fractional loss of energy is 


mMov?d2 M 


2(Md -3md)mo? | M+3m | 


d 
L; = mqvjrq t m5v5;r,; = 2mo 2 


L; = 2(75.0 kg)(5.00 m/s)(5.00 m) 


L; =| 3750 kg-m?/s 


1 1 
K; = 37n MULT 


1 2 
.= 2 — = FIG. P11.51 
K; (1 yrso kg)(5.00 m/s) =| 1.88 kJ 


Angular momentum is conserved: L; = L; =| 3750 kg. m? /s | 


L 3750 kg-m?/s 
f e 
- =| 10.0 m/s 
a 2(75.0 kg)(2.50 m) / 


2(mr,) 


K,- (2 yrso kg)(10.0 m/s)? =| 7.50 KJ 


WezK,-K;- 5.62 kJ 
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P11.52 (a) Le a2 =| Mod t NL 


(b) k= >mo?)= Mv? 


-750kg hr-d/2— 


AT 


M 


(c) L; =L; -| Med 


FIG. P11.52 
L 

(d ae M =| 20 
2Mr, 2M(4) 


(e) K,- {= mo} = M(2oy =| 4M0? 


(f) W -K,-Kj;- 3Mv* 


*P11.53 The moment of inertia of the rest of the Earth is 
I= = MR = 2598 x10?! kg(6.37 x 10° mJ -971x10? kg.m?. 
For the original ice disks, 
E Imr Š 52.30 x10? kg(6x 105 m) = 4.14 10? kg-m?. 
For the final thin shell of water, 
2 


I-2Mr = $2.30 x10” kg(6.37 x 10° mJ -622x10? kg-m?. 


Conservation of angular momentum for the spinning planet is expressed by I;»; - 150, 


Ax 
(86 400 s+ ô) 


Ax 
86 400 s 


ó 414 x 10?? 6.22 x 102 
1+ 1+ ay |=|1+ a 
86 400 s 9.71 x 10 9.71 x10 
ó 622x10?  414x10? 


86400s 971x107 971x107? 
5 — 0.550 s 


(4.14 x 10% +9.71 x 3077) = (6.22 x10 +9.71 x 10?) 
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P11.54 For the cube to tip over, the center of mass (CM) must rise so that it 
is over the axis of rotation AB. To do this, the CM must be raised a 


distance of a( V2 — 1) ] P 


= Mga( V2 - 1) - Lao? A 


From conservation of angular momentum, 


3 
B mo 
2Ma 
1( 8Ma* | m^v* FIG. P11.54 
d aa e dd 


P11.55 Angular momentum is conserved during the 
inelastic collision. 


Mva = Io 
Mva 3v 
O= = 
I 8a 


The condition, that the box falls off the table, is that 
the center of mass must reach its maximum height 


as the box rotates, hax = 4V2 . Using conservation 
of energy: 


glo? = Mg(a 2 -a) 


1( 8Ma? Y 3v Y 
1 3 I) = Mg(av2 - a) FIG. P11.55 
o? =E ga( v2 -1) 


P11.56 (a) The net torque is zero at the point of contact, so the angular momentum before and after the 
collision must be equal. 


(5 - 
al 
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P1157 (a) At 


(b) W =AK =~ lo* = ig MR oF (See Problem 11.56) 
R?o? 
uMgx---MRio] |x- 22i 
18 ug 
ANSWERS TO EVEN PROBLEMS 
P11.2 (a) 740 cm’; (b) 59.5 cm P1132 8.54 rad/s 
P11.4  (a)168*; (b) 11.9? principal value; P11.34  (a)7.20x10? kg.m? /s; (b) 9.47 rad/s 
(c) Only the first is unambiguous. 
P11.36 123 m/s? 
P11.6 No; see the solution 
. P11.38 (a) 2.35 rad/s; (b) 0.498 rad/s; (c) 5.58? 
P118 (a) (-7.00 N-m)k; (b) (11.0 N-m)k 
P1140 1831s 
P11.10 see the solution 
P11.42 (a) 2.19x10° m/s; (b) 218x107" J; 
P1112 (220 kg-m?/s)k (c) 413 x 10^. rad/s 
Pura Sehen P11.44 — (a) 11.1 m/s; (b) 32x10? kg-m?/s; 
(c) see the solution; (d) 12.0 m/s; 
P1116 (a) 3.14 N m; (b) (0.400 kg -m)o; (e) 1.08 kJ; (f) 5.34 m/s; (g) 1.46 m; 
(c) 7.85 m / 52 (h) 1.43 s; (i) see the solution 


P11.46 (a) (0.005 89 W)t; (b) 2.59 N-m; 

(c) (0.0925 W/s)t; (d) 40.7 W; 
(c) 0 (e) (3.70 N/s)t; (f) 8.96 KJ; (g) 448 kJ 
(h) +4.48 kJ 


P11.18 (a) (+9.03 x10° kg-m?/s) south; (b) No; 


P11.20 103 N-m 
P11.48 (a) 0; (b) 0; no 
P11.22 (4.50 kg.m? /s) up 


P1150 (a. M 


P11.24 120 kg.m?/s perpendicularly into the Md +3md"*" M+3m 
clock face 


P11.52 (a) Mud; (b) Mo?; (c) Mod; (d) 2v; 


2. 2 
P1126 863 m/s” (e) 4M"; (f) 3Mo 


M 
P Ke. d P1154 — — J3ga(V2 -1) 
P11.28 (a) ji) —-- m 


Led; L+, 


i 


P1156 (a) &; (b) == 
P11.30 (a) 1.91 rad/s; (b) 2.53 J; 6.44] 3 E 3 


Q12.5 


Q12.6 


Q12.7 


Q12.8 


Static Equilibrium and Elasticity 


ANSWERS TO QUESTIONS 


Q12.1 When you bend over, your center of gravity shifts forward. 
Once your CG is no longer over your feet, gravity contributes 
to a nonzero net torque on your body and you begin to rotate. 


Q12.2 Yes, it can. Consider an object on a spring oscillating back and 
forth. In the center of the motion both the sum of the torques 
and the sum of the forces acting on the object are (separately) 
zero. Again, a meteoroid flying freely through interstellar space 
feels essentially no forces and keeps moving with constant 
velocity. 


Q12.3 No—one condition for equilibrium is that X` F = 0 . For this to 


be true with only a single force acting on an object, that force 
would have to be of zero magnitude; so really no forces act on 
that object. 


(a) Consider pushing up with one hand on one side of a steering wheel and pulling down 
equally hard with the other hand on the other side. A pair of equal-magnitude oppositely- 
directed forces applied at different points is called a couple. 


(b) An object in free fall has a non-zero net force acting on it, but a net torque of zero about its 
center of mass. 


No. If the torques are all in the same direction, then the net torque cannot be zero. 
(a) Yes, provided that its angular momentum is constant. 
(b) Yes, provided that its linear momentum is constant. 


A V-shaped boomerang, a barstool, an empty coffee cup, a satellite dish, and a curving plastic slide 
at the edge of a swimming pool each have a center of mass that is not within the bulk of the object. 


Suspend the plywood from the nail, and hang the plumb bob from the nail. Trace on the plywood 
along the string of the plumb bob. Now suspend the plywood with the nail through a different point 
on the plywood, not along the first line you drew. Again hang the plumb bob from the nail and trace 
along the string. The center of gravity is located halfway through the thickness of the plywood 
under the intersection of the two lines you drew. 
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Q12.9 


Q12.10 


Q12.11 


Q12.12 


Q12.13 


Q12.14 


Q12.15 


Static Equilibrium and Elasticity 


The center of gravity must be directly over the point where the chair leg contacts the floor. That 
way, no torque is applied to the chair by gravity. The equilibrium is unstable. 


She can be correct. If the dog stands on a relatively thick scale, the dog's legs on the ground might 
support more of its weight than its legs on the scale. She can check for and if necessary correct for 
this error by having the dog stand like a bridge with two legs on the scale and two on a book of 
equal thickness—a physics textbook is a good choice. 


If their base areas are equal, the tall crate will topple first. Its center of gravity is higher off the incline 
than that of the shorter crate. The taller crate can be rotated only through a smaller angle before its 
center of gravity is no longer over its base. 


The free body diagram demonstrates that it is necessary to have 
friction on the ground to counterbalance the normal force of the 
wall and to keep the base of the ladder from sliding. Interestingly 
enough, if there is friction on the floor and on the wall, it is not 
possible to determine whether the ladder will slip from the 
equilibrium conditions alone. 


FIG. Q12.12 


When you lift a load with your back, your back muscles must supply the torque not only to rotate 
your upper body to a vertical position, but also to lift the load. Since the distance from the 
pivot—your hips—to the load—essentially your shoulders—is great, the force required to supply 
the lifting torque is very large. When lifting from your knees, your back muscles need only keep 
your back straight. The force required to do that is much smaller than when lifting with your back, 
as the torque required is small, because the moment arm of the load is small—the line of action of 
the load passes close to your hips. When you lift from your knees, your much stronger leg and hip 
muscles do the work. 


Shear deformation. 


The vertical columns experience simple compression due to gravity acting upon their mass. The 
horizontal slabs, however, suffer significant shear stress due to gravity. The bottom surface of a 
sagging lintel is under tension. Stone is much stronger under compression than under tension, so 
horizontal slabs are more likely to fail. 
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SOLUTIONS TO PROBLEMS 


Section 12.1 The Conditions for Equilibrium 


P12.1 To hold the bat in equilibrium, the player must exert both a 
force and a torque on the bat to make 


DF, = UF, =0 and Dir =0 


0.600 m. 


p =0 > F-10.0 N =0, or the player must exert a net 
upward force of F =| 10.0 N 


To satisfy the second condition of equilibrium, the player must 
exert an applied torque t, to make 


$ t = c, - (0.600 m)(10.0 N) 20. Thus, the required torque is 


10.0 N 


FIG. P12.1 


7, 246.00 N-m or | 6.00 N-m counterclockwise 


P12.2 Use distances, angles, and forces as shown. The conditions of Ne Fy 
equilibrium are: 


YF, =0>] F, +R, -F, =0 


YF, =0>| F,-R, =0 


» ras 


£ : 
Fylcos0-F,{ £ Jcoso- r.rsino-o | 


FIG. P12.2 


P12.3 Take torques about P. 
Mog M8 


msl 


L l 
Eep m| zd ema zd emat -mags-o d | 
2 | pl lm 


We want to find x for which ny =0. 


- (mig » myg)d «mig 5 NEZ +m,)d+m, $ 


M8 m» 


FIG. P12.3 
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Section 12.2 |More on the Center of Gravity 


P12.4 The hole we can count as negative mass 


Yogi 
ozR? — oz(£) 
x E 
CG 3 6 
P12.5 The coordinates of the center of gravity of piece 1 are 4.00 cm 


x1 =2.00 cm and y, =9.00 cm. 


The coordinates for piece 2 are 
180cm| 1 


X, =8.00 cm and y; = 2.00 cm. 


PF E 
M 


<— 12.0 cm —| 


The area of each piece is 


A, 2720 cm? and A, 2320 cm?. 


FIG. P12.5 
And the mass of each piece is proportional to the area. Thus, 
Yomx, (720 cm? 2.00 cm) + (32.0 cm? (8.00 cm) 
Xcg = -= 2 a =| 3.85 cm 
yim; 72.0 cm* + 32.0 cm 
and 
y, (72.0 cm? (9.00 cm) +(32.0 cm? (2.00 cm) 
Vcc = 2,miyi E | | 5 ) =| 6.85 cm Í. 
m, 104 cm 


P12.6 


P12.7 


P12.8 
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Let c represent the mass-per-face area. A y 
vertical strip at position x, with width dx and A 

x- 3.00)? 100m — 
height ( ) has mass 


2 y = (x — 3.00 /9 
uz o(x — 3.00)" dx d 
9 
The total mass is s 
3.00 2 
= d > 
M-[dm- | 2-9) 0 0 Se | 
DEN d 3.00 m 
cy», 
m (s) f(x? -6x+9)dx FIG. P12.6 
0 
Aa 5 3.00 
«-(£) S 209. gae cu 
9/13 2 
The x-coordinate of the center of gravity is 
xdm 3.00 3.00 4 3 a 
po = : j oxi 3)^dx = f(x -ex ox -1 p a ae 0.750 m 
M 90 4 9c 4 914 3 2], 9.00 


Let the fourth mass (8.00 kg) be placed at (x, y), then 


(3.00)(4.00) 4-m , (x) 
Xog =0= 
120 «m, 

en 120 -|-150m 

8.00 

(3.00)(4.00) + 8.00(y) 
Similarly, == 
imilarly Vcc 12.0 4 8.00 


y =| -1.50 m 


In a uniform gravitational field, the center of mass and center of gravity of an object coincide. Thus, 
the center of gravity of the triangle is located at x 26.67 m, y= 2.33 m (see the Example on the 
center of mass of a triangle in Chapter 9). 

The coordinates of the center of gravity of the three-object system are then: 


Yim;x; (6.00 kg)(5.50 m)+ (3.00 kg)(6.67 m) + (5.00 kg)(-3.50 m) 


Xcc = ym (6.00 + 3.00 + 5.00) kg 
— EM - [254 m | and 
Lmiyi _ (6.00 kg)(7.00 m) + (3.00 kg)(2.33 m) + (5.00 kg)(+3.50 m) 
Yoo = ym; = 14.0 kg 
men EON 


14.0 kg 
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Section 12.3 Examples of Rigid Objects in Static Equilibrium 
P12.9 t =0=mg(3r)—Tr 3r 
bi g(r) ks 
2T — Mg sin 45.0°= 0 
©) 
"c Mgsin45.0° 1500 kg(g)sin 45.0° i 
2 2 
= (530)(9.80) N 
m= T = 530g =| 177 kg 
38 38g 
FIG. P12.9 
*P1210 (a) For rotational equilibrium of the lowest rod about its point of support, $7 =0. 
+12.0 g g 3 cm- m,24 cm m, =9.00 g 
(b) For the middle rod, 
+m,2 cm - (12.0 g +9.0 g)5 cm=0 m, =525 g 
(c) For the top rod, 
(52.5 g +12.0 g+9.0 g)4 cm-m,6 cm=0 ma = 49.0 g 
P12.11  F,— standard weight 240m, 26.0cm , | 
F, > weight of goods sold | ^ | 
F, (0.240) = F, (0.260) Fg Fg 
,( 18 
i (3) FIG. P12.11 
F,-F; 
5—— 1100 = & 1) x 100 =| 8.33% 
F; 12 
*P12.12 (a) Consider the torques about an axis perpendicular 


to the page and through the left end of the 
horizontal beam. 


© r=+(Tsin30.0°)d - (196 N)d =0, 


giving T =| 392 N ]. 


FIG. P12.12 


(b) From YF, =0, H-Tcos30.0°=0, or H =(392 N)cos30.0°= 


339 N to the right |. 


From 205 =0, V+Tsin30.0°-200 N 20,or V 2196 N - (392 N)sin30.0°= 


0}. 


P12.13 


P12.14 


(a) 


(b) 


(a) 


(b) 


22b -f-n, =0 
DF, =n, 800 N -500 N=0 


Taking torques about an axis at the foot of the ladder, 


(800 N)(4.00 m)sin30.0°+(500 N)(7.50 m) sin 30.0° 
-=n „(15.0 cm) cos30.0°= 0 


Solving the torque equation, 


_ [(4.00 m)(800 N) + (7.50 m)(500 N)]tan30.0* 
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=268N. 


i 150 m 


Next substitute this value into the F, equation to 


find FIG. P12.13 


f =n, =| 268 N | in the positive x direction. 


Solving the equation >’ F, =0, 


8 


In this case, the torque equation $7, =0 gives: 


n, =| 1300 N | in the positive y direction. 


(9.00 m)(800 N) sin 30.0°+(7.50 m)(500 N) sin 30.0°-(15.0 m)(,, ) sin 60.0°= 0 


or n, =421N. 


Since f =n, - 421 N and f = fmax = un, , we find 


Lunae. de 0.324 |. 
n,  1300N 

YRE-f-ny-0 (1) 
DE, =n, mig mg =0 (2) 

L ; 
zac mis| Jesse m»59xcos0 n, Lsin0-0 
From the torque equation, 
Ny = E (E) cot à 

w 15 18 L 28 
Then, from equation (1): f=n, = ims + [= as fot 0 
and from equation (2): n, =| (mı +my)g FIG. P12.14 
If the ladder is on the verge of slipping when x=d, 
fl (+774) cote 


then 


n m, +m, 


8 
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P12.15 


P12.16 


P12.17 


(a) Taking moments about P, 150 N 
—>- 
(R sin 30.0°)0 + (R cos 30.0°)(5.00 cm) - (150 N)(30.0 cm) 2 0 | 
R=1039.2 N 21.04 kN 30.0 cm 
The force exerted by the hammer on the nail is equal in magnitude EN. 
and opposite in direction: / P 
R n 
1.04 kN at 60° upward and to the right. PTS 
(b) f =Rsin30.0°-150 N 2370 N FIG. P12.15 


n = Rcos30.0° = 900 N 
E dos m (370 N)i + (900 N)j 


See the free-body diagram at the right. 
When the plank is on the verge of tipping about point P, the 
normal force n goes to zero. Then, summing torques about 


point P gives 


È t, --mgd + Mgx =0 or y 
From the dimensions given on the free-body diagram, observe FIG. P12.16 


that d 21.50 m Thus, when the plank is about to tip, 


pa | BOOKS oid) FOASGR |. 
70.0 kg 


Torque about the front wheel is zero. 


0 = (1.20 m)(mg) - (3.00 m)(2F, ) 


Thus, the force at each rear wheel is 


F, =0.200mg =| 2.94 KN |. 


FIG. P12.17 


The force at each front wheel is then 


2F 
Fy = 2$ fr AAAI KN]. 
2 
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P12.18 > F,=F,-F,+5.50N=0 (1) 5.50 N 
———————— — 
DF, =n-mg=0 
Summing torques about point O, 
10.0m " 
$ to =F,(1.50 m)- (5.50 m)(10.0 m) =0 s 
F 
which yields F, =| 36.7 N to the left 
150m 
Then, from Equation (1), ————— oe | » 
F, o | 
F, =36.7 N -5.50 N =| 31.2 N to the right id 
FIG. P12.18 


P12.19 (a) T, sin 42.0° = 20.0 N T, = 29.9 N 


(b  T,cos42.0°=T, T,-222N 


P12.20 Relative to the hinge end of the bridge, the cable is attached 
horizontally out a distance x =(5.00 m)cos 20.0°= 4.70 m and 
vertically down a distance y = (5.00 m)sin 20.0°= 1.71 m . The 
cable then makes the following angle with the horizontal: 


"" tan Be +171) m 


=71.1°. 
4.70 m | 


(a) Take torques about the hinge end of the bridge: 


R,(0)+R,(0)—19.6 KN(4.00 m) cos 20.0? 
-T cos71.1? (1.71 m) +T sin71.1? (4.70 m) FIG. P12.20 
—9.80 KN(7.00 m)cos 20.0? 2 0 


which yields T =| 35.5 kN 


(b) > F, =0> R, -Tcos71.1°=0 


or — R, =(35.5 KN)cos71.1°=| 11.5 kN (right) 


(c) b =0>R, —19.6 kN +T sin71.1°-9.80 kN =0 
Thus, 


R; = 29.4 kN - (35.5 kN) sin 71.1° = —4.19 kN 
=| 4.19 kN down 
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*P12.21 (a) 


(b) 


(c) 


(d) 


We model the horse as a particle. The drawbridge will fall 


R 
out from under the horse. Y R 
Oo * 
lf(cosO, 3 l 
2 0 & 
=m = cos Ó 
VERA lm? 24 A 
3(9.80 m/s? cos 20.09 mg 
( / ) =| 1.73 rad/s” 
2(8.00 m) FIG. P12.21(a) 
ser 
—I@*“ =meh 
eae 


pne? = mg 5 sin 0p) 


3(9.80 m/s? 
Boole z (1 sin 6j) | | EET : ln sin 20°) - [1.56 rad/s 


The linear acceleration of the bridge is: 


Ry 
Hi d 8 3i 
0 
a= 7t - 2189 m)(1.73 rad/s”) = 6.907 m/s? 
The force at the hinge + the force of gravity produce the ü mg 
acceleration a = 6.907 m/ s? at right angles to the bridge. 


FIG. P12.21(c) 
R, =ma, = (2000 kg)(6.907 m/s?)cos250*— 472 kN 


R,—-mg-ma, 


~- R, =m(g + a,) = (2000 kg) 9.80 m/s? « (6.907 m/s”)sin 250°] = 6.62 KN 


Thus: | R =(-4.72i + 6.62)) kN |. 


R, = 0 Ry 
2 1 2 2 Rx 
a= at = (1.56 rad/s) (4.0 m) 2 9.67 m/s a f 
R, -mg = ma | 
- R, = (2000 kg)(9.8 m/s? +9.67 m/s?) =38.9 kN is 


- FIG. P12.21(d) 
Thus: | R, =38.9j kN 


P12.22 


*P12.23 
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Call the required force F, with 
components F, = Fcos15.0? and 


F; = —F sin15.0° , transmitted to the 
center of the wheel by the handles. 


Just as the wheel leaves the ground, the 
ground exerts no force on it. 


distances forces 


> E, =0: Fcos15.0°-n, (1) 
205 =0: —Fsin15.0°-400 N + ny = 0 (2) FIG. P12.22 


Take torques about its contact point with the brick. The needed distances are seen to be: 


b -R-8.00 cm=(20.0- 8.00) cm = 12.0 cm 
a= VR*—b? 216.0 cm 


(a) $720: -Fb + Fa (400 N)a - 0, or 
F[-(12.0 cm) cos15.0*«(16.0 cm)sin15.0°]+ (400 N)(16.0 cm) - 0 


B 6 400 N-cm = 
7.45 cm 


859 N 


(b) Then, using Equations (1) and (2), 


n, =(859 N)cos15.0°= 880 N and 
n, = 400 N +(859 N)sin15.0°= 622 N 


n= fid = [OTR] 


n 
0-tan'! (= = tan ! (0.749) =| 36.9° to the left and upward 
nx 


When xz x44, the rod is on the verge of slipping, so 
f =(fs) max = usn = 050 . 


From YF, 20, n-Tcos37°=0, or n=0.799T . 


Thus, f =0.50(0.799T) = 0.399T FIG. P12.23 
From $F, -0, f+Tsin37°-2F, =0 , or 0.399T - 0.602T — 2F, - 0, giving T =2.00F, . 


Using $/7-0 for an axis perpendicular to the page and through the left end of the beam gives 


SE da 7 F0) 27. )sima7 (4o m)=0, which reduces to x44, =| 282m |. 
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P12.24 x= BE 
4 


If the CM of the two bricks does not lie over the edge, then 
the bricks balance. 


If the lower brick is placed 5 over the edge, then the 


L 
second brick may be placed so that its end protrudes 2 
4 FIG. P12.24 


over the edge. 


P12.25 To find U, measure distances and forces from point A. Then, balancing torques, 


(0.750)LI = 29.4(2.25) U-882N 


To find D, measure distances and forces from point B. Then, balancing torques, 


(0.750)D = (1.50(29.4) D-588N 


Also, notice that U = D + F, , so 2:5 =0. 


*P12.26 Consider forces and torques on the beam. 


> R50 Rcos0- T cos53? 20 
DF, =0: Rsin@+T sin53?-800 N 20 
»r-0: (T sin 539)8 m - (600 N)x - (200 N)4 m 20 


600 Nx+800 N-m _ 


8 msin53° 
grows larger. 


(a) Then T = (93.9 N/m)x - 125 N . As x increases from 2 m, this expression 


(b) From substituting back, 


Rcos6 = [93.9x 4-125 ]cos 53° 
Rsin@= 800 N- [93.9x + 125]sin 53? 
Rsin@ 800 N 


Dividing, tan 0 = =—tan53°+ 
Rcos8 (93.9x -- 125) cos 53? 


tang = tans3°( 5.1) 
3x4 


As x increases the fraction decreases and | 8 decreases |. 


continued on next page 
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(c) To find R we can work out R? cos? 6+ R? sin? 0 = R?. From the expressions above for 
Rcos0 and Rsin6, 


R? =T? cos? 53°+T? sin? 539-1 600 NT sin 53?4 (800 N)? 
R? =T? —1 600T sin 53-640 000 
R? - (93.9x +125)” —1278(93.9x + 125) + 640 000 


3 1/2 
R= (8 819x? — 96 482x + 495 678) 


At x=0 this gives R=704N.At x=2 m, R=581N.At x=8m, R=537N. Over the 
range of possible values for x, the negative term —96 482x dominates the positive term 


8 819x*, and | R decreases | as x increases. 


Section 12.4 Elastic Properties of Solids 


p1227 L.y^ 
A L 
FL; (200)(9.80)(4.00) 


4.90 mm 


CAY (0.200 x 107* (8.00 x 10'^) B 


P1228 (a) stress = 


d 2 
F= (stress)a[ 5] 
8 2 
F - (150x105 N/m d 2 


F =| 73.6 kN 
YAL 


(b) stress = Y(strain) = EN 


i 


2.50 x 102 =) 


(stress)L; (1.50 x 108 N/m? (0.250 m) 
X 150x10" N/m? 


AL 2.50 mm 


*P12.29 The definition of Y = A means that Y is the slope of the graph: 
strain 


|.300x10* N/m? 
0.003 


=|1.0x10" N/m? |. 
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P12.30 Count the wires. If they are wrapped together so that all support nearly equal stress, the number 
should be 


20.0 kN 


— — — = 100. 
0.200 kN 


Since cross-sectional area is proportional to diameter squared, the diameter of the cable will be 


(1 mm)J/100 | ~1 em . 


P12.31 From the defining equation for the shear modulus, we find Ax as 


hf (5.00 «10? m)(20.0 N) 


-5 
xS E (3.0105 N/m?)(14.0x10~ m?) - eee te 


or Ax =| 238x107 mm |. 


P12.32 The force acting on the hammer changes its momentum according to 


mlo; —0; 


mo; + F(At) = mv, so |F|= T 


30.0 kg|-10.0 m/s — 20.0 m/s| 
0.110 s 


=8.18 x10? N. 


Hence, |F | = 


By Newton’s third law, this is also the magnitude of the average force exerted on the spike by the 
hammer during the blow. Thus, the stress in the spike is: 


3 
stress = oo a =1.97 x 107 N/m? 
A, (0.023 0m) 


4 


stress _ 1.97 x 107 N/m? 


-|985x10^? |. 
Y | 200x10? N/m? 


and the strain is: strain = 


P12.33 (a) F =(A)(stress) F 


= z(5.00x10® m) (400x10ë N/m?) 


=| 3.14x10*N : a 
A 


(b) The area over which the shear occurs is equal to 
the circumference of the hole times its thickness. 
Thus, 


A - (2ar)t = 22 (5.00 x10? m)(5.00 x10? m) FIG. P12.33 
-157x10* m? 


So, F =(A)Stress - (157 x10% m?(40010* N/m?) = [628x10* N |. 
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P12.34 Let the 3.00 kg mass be mass #1, with the 5.00 kg mass, mass £ 2. Applying Newton’s second law to 
each mass gives: 


mya=T-mg (1) and mjü-msg-T (2) 
where T is the tension in the wire. 


T 
Solving equation (1) for the acceleration gives: a - — — g, 
my 


and substituting this into equation (2) yields: ay mg -m»sg-T. 
mi 


Solving for the tension T gives 


 Amm,g _ 2(3.00 kg)(5.00 kg)(9.80 m/s?) E 


T 36.8 N. 
m +m 8.00 kg 
From the definition of Young's modulus, Y = AAD , the elongation of the wire is: 
36.8 N)(2.00 
Ape. E) = =| 0.0293 mm |. 
YA (2.00 x10"! N/m?)a(2.00 x 10> m) 
P12.35 Consider recompressing the ice, which has a volume 1.09V. 
-(2.00 x 10? N/m? —0.090) 
m Oh = | ja) =| 1.65x 10° N/m? 
V; 1.09 
*P1236 B aea za 
EA AV 
(113x10? N/m?°)1 m? 
G- aye y ) — =| -0.053 8 m? 
B 0.21x10? N/m 
(b) The quantity of water with mass 1.03 x 10? kg occupies volume at the bottom 
1.03 x 10° k 
1 m? - 0.053 8 m? = 0.946 m°. So its density is ——— — 5 =[ 1.09 x 10° kg/m? |. 
0.946 m 
(c) With only a 5% volume change in this extreme case, liquid water is indeed nearly 
incompressible. 


*P12.37 Part of the load force extends the cable and part compresses the column by the same distance A/: 


_YaAgAl , YAAC 


F 
La p. 
" F 8500 N 
Yada 4 YXAS — 7.107 2(0.1624^-013614?) 20x10” (0.012 7)? 
A fs 4(3.25) 4(5.75) 


=| 8.60 x10% m 


364 Static Equilibrium and Elasticity 
Additional Problems 


*P12.38 


P12.39 


4 
(a) The beam is perpendicular to the wall, since 3? + 4? 2 5?. Then sin6 = E 0-53? |. 
m 


(b — Yu =O: +1 sin (3 m)-250 N(10m)-0 


N 
aA N ao N 
3msin53.1° 


2 
(à ydo LOO NE. uoc 


k 8.25x10° N/m 


5.126 
The cable is 5.126 m long. From the law of cosines, Tm i 
4? =5.126° +3? — 2(3)(5126)cos 0 
3 
J- cos 345126-4 ry i 
2(3)(5.126) FIG. P12.38 
i in 51.2? 
(d) From the law of sines, the angle the hinge makes with the wall satisfies SHE ene 
5.126 m 4m 
sina = 0.998 58 
» Thinge =0 
+T(3 m)sin51.2°-250 N(10 m)(0.998 58) =0 
T =| 1.07x10° N 
3 
Gy we ramp 
8.25 x 10° N/m 
2 2 42 
6 - cos d 3^*5129^-4" IT 
2(3)(5.129) 
(£ Now the answers are self-consistent: 
sina = 5.129 m I9 LT _ 9,998 51 
4m 
T(3 m)sin51.1?-250 N(10 m)(0.998 51) =0 
T =1.07x10° N 
x=0.1295 m 
0-511? 


Let n4 and ng be the normal forces at the points of 
support. 


Choosing the origin at point A with >) F, =0 and 57-0, 
we find: 


14 +p - (800 10g - (3.00 x10*)¢=0 and J — : 
-(8.00  10* ((g)15.0 - (8.00 x 10* ((g)25.0 5 (50.0) = 0 


FIG. P12.39 


The equations combine to give 14 =| 5.98 x 10? N | and bg =| 480x 10? N |. 


P12.40 


*P12.41 
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When the concrete has cured and the pre-stressing tension has been released, the rod presses in on 
the concrete and with equal force, T,, the concrete produces tension in the rod. 


(a) In the concrete: stress = 8.00 x 10° N/ m? - Y. (strain) = (2 


(stress)L; _ (8.00 x 10^ N/m? (1.50 m) 


Thus, AL = 
Y 30.0 x 10° N/m? 


or  AL-400x10^^ m=] 0.400 mm |. 


(b) In the concrete: stress = L = 8.00 x 10° N/m? , SO 


c 


T, =(8.00 x 10° N/m?)(50.0 x10* m?) = 


() For the rod: -2 = Cai Supe tS 
Ar L; ARY tee! 


1 


2 (4.00 x 10* N (1.50 m) "eR 
: ~ (1.50 x10 m?)(20.0 x10" N/m?) ~ ela aam 


(d) The rod in the finished concrete is 2.00 mm longer than its unstretched length. To remove 


stress from the concrete, one must stretch the rod 0.400 mm farther, by a total of | 2.40 mm |. 


(e) For the stretched rod around which the concrete is poured: 
T, E | AL, tal 
CORE S eea OF Ti s| rA Y eel 
Án L; stee. ie stee. 
-3 
T, (4 x10? m 


1.50m 


Jose x10 * m?)(20.0 x10 N/m?)- | 48.0 KN 


With Z as large as possible, n, and n, will both be large. The 
equality sign in f; X 4n will be true, but the less-than sign 
in fı < u,1,. Take torques about the lower end of the pole. 


nfcos E (1 Jess fatsino=0 


Setting f; =0.576n,, the torque equation becomes 


FIG. P12.41 


1 
n,(1—0.576 tan 0) + as =0 


Since n, >0, it is necessary that 


1-0.576tan0 <0 


=1.736 


..tand> T 
0.576 


<. 0» 60.1? 
d | 780ft 
^ sinÓ  sin60.1? - 


9.00 ft 
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P12.42 Call the normal forces A and B. They make angles a and £ 
with the vertical. 


YE =0: Asina-Bsinf-0 
DF, =0: Acosa- Mg - Bcos - 0 


Asing 


sin 8 


Substitute B = 


sing | 
sin 2 
A(cos asin 8+ sina cos f) = Mg sin B 
; A sino 
A-| Mg— sin 8 
sin(a + 2) 
sino 


sin(a + 5) FIG. P12.42 


Acosa + Acos B 


Mg 


A cos & 


B=| M, 


P12.43 (a) See the diagram. 


(b) If x=1.00 m, then 


¥ ro = (-700 N)(1.00 m) - (200 N)(3.00 m) | 
-(80.0 N)(6.00 m) | 
«(T sin 60.0°)(6.00 m) = 0 


‘<— 3.00 m —> !<— 3.00 m —— 
FIG. P12.43 


Solving for the tension gives: T =| 343 N |. 


From Y F, 20, R, 2 Tcos60.0?- | 171 N |. 


From DF, =0, R, =980 N T sin 60.0°=| 683 N |. 
(c) If T=900 N: 


¥ to = (-700 N)x - (200 N)(3.00 m) - (80.0 N)(6.00 m) + [(900 N) sin 60.0" (6.00 m) = 0. 


Solving for x gives: x =| 5.13 m |. 


Chapter12 367 
P12.44 (a) Sum the torques about top hinge: T sin 30.0? 


3-0: " T cos 30.0? 
C(0)+ D(0) + 200 N cos30.0? (0) 180m 
+200 N sin30.0° (3.00 m) 
-392 N(1.50 m) + A(1.80 m) " | 
-B(0) 20 2 TN 


Giving A =| 160 N (right) |. 


FIG. P12.44 
(b) 2 F, =0: 


-C — 200 N cos30.0?- A = 0 
C=160 N -173 N = -13.2 N 


In our diagram, this means | 13.2 N to the right |. 


(c) DF, 20: +B + D -392 N + 200 Nsin30.0°=0 


B+D =392 N-100 N =| 292 N(up) 


(d) Given C =0: Take torques about bottom hinge to obtain 
A(0)+ B(0) + 0(1.80 m) + D(0) -392 N(1.50 m)+T sin 30.0° (3.00 m) + T cos 30.0° (1.80 m) =0 


588 N-m 
(1.50 m+ 1.56 m) 


so T = 192 N |. 


P1245 Using >’F, = >) F, = 5,7 - 0, choosing the origin at the left end 
of the beam, we have (neglecting the weight of the beam) 


Y E-R,-Tcos0-0, 
DF, - R, «Tsin8- F, =0, 


and »,7- -F, (Ld) « TsinQ(2L d) - 0. 


Solving these equations, we find: 


F, (L+d 
MEC 
sin (2L +d) 
F,(L * d)cot8 F,L 
(b) R, =| = R, =| — FIG. P12.45 
2L+d ” |2L+d 
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P1246 — *'ryjuo =0 gives 


(T cos iso? sin ése") +(T sin iso (7 cos 65.0") 


= (2000 N)(/ cos 65.0?) + (1 200 NS cos65. o) 


From which, T =1 465 N =| 1.46 kN 


From >) F, =0, 


H =T cos 25.0°=1 328 N(toward right) =| 1.33 kN 


FIG. P12.46 


From Dy =0, 


V 23200 N -T sin 25.0°= 2581 N(upward) =] 2.58 kN 


P12.47 We interpret the problem to mean that the support at 
point B is frictionless. Then the support exerts a force in 


the x direction and E. 
| (10000 kg)g 
Fg, =0 B. = 
D i 1.00 m 
- (3 000 +10 000)g - 0 | (3000 kg)g 


B 
2.00 m» 


I— — 6.00 m —> 


and Y. c = -(3 000 g)(2.00) — (10 000 g)(6.00) + F, (1.00) = 0. 


These equations combine to give 
FIG. P12.47 


Fy, = Fg, =| 6.47 x10? N 


Fay | 127 x 10* N 


P1248 n=(M+m)g H=f 
H iaz = fmax = Hs (m + M)g 
L 
Tryst- TE cos 60.0°+Mgx cos60.0°-HL sin 60.0° 


x Htan600? m _ u.(m+M)tan60.0° m 
L Mg 2M M 2M 


Z ui, tan 6010°-= =| 0.789 


FIG. P12.48 


P12.49 


P12.50 


P12.51 


From the free-body diagram, the angle T makes with the rod is 
0 = 60.0°+20.0° = 80.0? 


and the perpendicular component of T is T sin 80.0°. 
Summing torques around the base of the rod, 


$020:  -(400 m)(10 000 N)cos60°+T(4.00 m)sin 80° = 0 
y _ (10.000 N) cos60.0° _ 

sin 80.0° 

$ F, =0: Fy-Tcos20.0°=0 
Fy =T cos20.0°=| 4.77 x 10° N 


5.08 x10? N 


2.5 =0: F,+Tsin20.0°-10 000 N «0 


and Fy = (10000 N)- T sin20.0*- | 8.26 x 10° N 


Choosing the origin at R, 

(1) A P. =+Ksin15.0°-T sin 0 = 0 

(2) >) F, =700- Rcos15.0°+T cos0 - 0 

(3) È. t = -700 cos 6(0.180) + T(0.070 0) 2 0 


Solve the equations for 0 


PT 
iom T-1000 om), R= e 


sin 15.0° 
1800si 15.0° 
Then y ees gogo neoe EA io oÀ 
sin 15.0° 


or cos? 6 + 0.388 9 — 3.732 sin 0cos0 = 0 
Squaring, cos 0— 0.880 9 cos? 0 +0.01013=0 


Let u=cos* @ then using the quadratic equation, 
u = 0.011 65 or 0.869 3 


Only the second root is physically possible, 


-.02cos ! [0.8693 = 
-T2|168x10? N and R=] 2.34x10° N 


Choosing torques about R, with b r-0 


- 2050 N)+(T sin12.0°/ 2) - (200 N)L=0. 


From which, T =| 2.71 kN |. 


Let R, = compression force along spine, and from >’ F, =0 


R, =T, =T cos12.0°=| 2.65 kN |]. 
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T 


200- ¥ 


10 000 N 


Fy 


Fy 


FIG. P12.49 


FIG. P12.50 


Ry 
200 N 
350 N 
FIG. P12.51 
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P12.52 


P12.53 


Static Equilibrium and Elasticity 


(a) 


(b) 


(a) 


(b) 


Just three forces act on the rod: forces perpendicular to the 
sides of the trough at A and B, and its weight. The lines of 
action of A and B will intersect at a point above the rod. 
They will have no torque about this point. The rod's weight 
will cause a torque about the point of intersection as in 
Figure 12.52(a), and the rod will not be in equilibrium 
unless the center of the rod lies vertically below the 
intersection point, as in Figure 12.52(b). All three forces 
must be concurrent. Then the line of action of the weight is FIG. P12.52(a) 
a diagonal of the rectangle formed by the trough and the 

normal forces, and the rod's center of gravity is vertically 

above the bottom of the trough. 


In Figure (b), AO cos30.0? = BO cos60.0° and 


12 - AO? «BO? - AO? + AO"| 92300 
cos? 60.0? 
AO- L L 
1 cos? 30.0? 2 
cos? 60.0° 


So cosĝ = = and 0 =| 60.0? |. 
L 2 


Locate the origin at the bottom left corner of the cabinet 
and let x= distance between the resultant normal force and 
the front of the cabinet. Then we have 


YF, = 200 cos 37.0°— un = 0 (1) 
> F, = 200sin37.0°+n - 400 =0 2) 
200 N) sin 37° 
S z = n(0.600 — x) — 400(0.300) + 200 sin 37.0° (0.600) Rd 
(200 N) cos 37° 

-200 cos 37.0* (0.400) = 0 (3) 400N | * 

f 2 | 
From (2), n = 400 — 200 sin 37.0° = 280 N -— + De 


72.2 -120 + 280(0.600) — 64.0 No ud 
From (3), x- 280 | (300 N) cos 37? 


x=] 20.1 cm | to the left of the front edge ud i 
1 
, : "d 
Foot, ma ee oe] «60cm 
280 
FIG. P12.53 
In this case, locate the origin x 20 at the bottom right 
corner of the cabinet. Since the cabinet is about to tip, we 
can use 97-0 to find h: 
120 
5.7 = 400(0.300) — (300 cos 37.0°)h = 0 h=——— =| 0.501 m 
300 cos 37.0° 


P12.54 


P12.55 


(a), (D) Use the first diagram and sum the torques about the lower 


(c) 


(a) 


(b) 


front corner of the cabinet. 

>) rt =0 => -F(1.00 m) + (400 N)(0.300 m) 20 
(400 N)(0.300 m) _ 

1.00 m 

> F, =0>-f+120N=0, or f-120N 
DF, =0>-400 N+n=0, so n= 400 N 
f 120N _ 
n 40N 


120 N 


yielding F = 


Thus, 4, = 0.300 |. 


Apply F' at the upper rear corner and directed so 
8+ ¢=90.0° to obtain the largest possible lever arm. 
6- ta 2 ) = 59.0° 
0.600 m 
Thus, ¢=90.0°-59.0° = 31.0°. 
Sum the torques about the lower front corner of the 
cabinet: 
—F',|(1.00 m)? + (0.600 m)? + (400 N)(0.300 m) =0 
—120N-m 


SO F'2—————2108 N. 
1.17m 


Therefore, the minimum force required to tip the cabinet is 
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0.300 m 


p—. F 


— 0.600m 


FIG. P12.54 


103 N applied at 31.0? above the horizontal at the upper left corner |. 


We can use } F, = >)’ F, =0 and »,7 - 0 with pivot point at 


the contact on the floor. 
Then YF, =T-y,n=0, 
Y F, =n-Mg-mg=0, and 


>) r= Mg(Lcos@)+ ms| Fos e) —T(Lsin 0) =0 


Solving the above equations gives 


Mam 2u, sinÓ — cos 0 
2 | cos- u, sind 


FIG. P12.55 
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This answer is the maximum vaue for M if u, <cot0. If u, 2 cot0, the mass M can increase 
without limit. It has no maximum value, and part (b) cannot be answered as stated either. In 


the case u, < cot, we proceed. 


At the floor, we have the normal force in the y-direction and frictional force in the x- 


direction. The reaction force then is 


R= Jn? +(un} -| (M+m)gV1+ u? 


At point P, the force of the beam on the rope is 


F= JT? « (Mg)? - gM? + uM «m |. 


372 Static Equilibrium and Elasticity 


P12.56 (a) 


(b) 


The height of pin B is 
(10.0 m)sin30.0?— 5.00 m. 


The length of bar BC is then 


FIG. P12.56(a) 


Consider the entire truss: 


YF, =14-1000 N «nc =0 
$ r a = -(1000 N)10.0 cos 30.0°+n ç [10.0 cos 30.0°+7.07 cos 45.0°] = 0 


Which gives | nc = 634 N |. 


Then, | n4 =1000 N -nc =366 N |. 


Suppose that a bar exerts on a pin a force not along the 
length of the bar. Then, the pin exerts on the bar a 
force with a component perpendicular to the bar. The 
only other force on the bar is the pin force on the other 
end. For >F =0, this force must also have a 


component perpendicular to the bar. Then, the total FIG. P12.56(b) 


torque on the bar is not zero. The contradiction proves 
that the bar can only exert forces along its length. 


Joint A: Cap 
YF, =0: -C 4p sin 30.0°+366 N - 0, A 
` Tac 
so Cyp=|732N Hae SN 
» = 0: -C ap cos 30.0°+T 4c = 0 1000 N 
Tac = (732 N)cos30.0* - [684 N | 
oin : 
Caste Qu 


YF, 20: (732 N)cos30.0?-C yc cos 45.0? - 0 
FIG. P12.56(c) 


(732 N) cos 30.0? 
cos 45.0? 


Cgc = =| 897N 
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P12.57 From geometry, observe that 
1 
cos O= | and 9 — 75.5? 
For the left half of the ladder, we have 
XE-T-R,-0 D 
DF, =R, +n, -686 N=0 (2) 
D T top = 686 N(1.00 cos 75.5°) + T (2.00 sin 75.5°) 
-n ,(4.00cos75.5°) = 0 (3) Beer 
For the right half of the ladder we have 
> F, =R,-T=0 
DF, -ng-R,-0 (4) 
> Top =p (4.00 cos 75.5°) — T(2.00sin 75.5°) = 0 (5) 
Solving equations 1 through 5 simultaneously yields: 
(a) T=133 N 
(b) nN, =429 N and ng =257 N 
(c) R, =133 N and R, = 257 N 
The force exerted by the left half of the ladder on the right half is to the right and 
downward. 
_ 25 mixj 
P12.58 (a) Xcc = ym, 
(1000 kg)10.0 m+ (125 kg)0 + (125 kg)0 + (125 kg)20.0 m BUS 
= =| 9.09 m 
1375 kg 
D (1000 kg)10.0 m+ (125 kg)20.0 m+ (125 kg)20.0 m+(125 kg)O 
nee 1375 kg 
-|109m 
(b) By symmetry, xccz; =| 10.0 m 
There is no change in Ycg =| 10.9 m 
10.0 m- 9.09 m 
- =| 0.114 
LM | &00s EHE 
P12.59 Considering the torques about the point at the bottom of the bracket yields: 


(0.050 0 m)(80.0 N) — F(0.060 0 m) - 0 so 


F=66.7N |. 
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P12.60 When it is on the verge of slipping, the cylinder is in equilibrium. P h 
DF, =0: fi =n2 = 4 and fa = Holo ie 
DF, =0: P+n +f, =F, 
* 20: P=f,+fy Pd 
As P grows so do f, and f, a] i 
Therefore, since 4, = 3 fi= EL and h= Fa m 
2 2 2 4 FIG. P12.60 
n n nj 3 
then P+n+—=F, (1 and P=t4—4=-n, (2 
an () l.7L-Um @ 
5 5(4 
So Pen =F; becomes P+—|—P|=F or —P=F 
4 4\3 J $ 
Therefore, P = 2x 
g £ 
A _ FL 
P12.61 (a) IF| - K(AL), Young's modulus is Y = £- = — 
1, A(AL) 
Thus, Y = Sb; and k- In 
A Li 
AL AL AL 2 
AL 
(b) W =- [Fdx - - | (-kx)dx E Jxdx = yA UD 
Ü A Li v 2L; 
P12.62 (a) Take both balls together. Their weight is 3.33 N 
and their CG is at their contact point. P, 


DE, 20: +P, 3.33 N 20 P, =| 3.33 N 
S t4 20: -PR + P,R-3.33 N(R + Rcos45.0°) 
+P (R + 2R cos 45.0°)= 0 


Substituting, 
-P R +(3.33 N)R - (3.33 N)R(1 + cos 45.0°) 
+P, R(1 + 2 cos 45.0°) = 0 
(3.33 N) cos 45.0? = 2P, cos 45.0° 
P, =| 1.67 N | so P; =| 1.67 N FIG. P12.62(a) 


P; 


(b) Take the upper ball. The lines of action of its weight, of Pj, 
and of the normal force n exerted by the lower ball all go 
through its center, so for rotational equilibrium there can be 
no frictional force. 


YF, 20: ncos 45.0°-P, 20 reca W 
1.67 N E 
"= cos45.0° - ase n sin 45.0° 


JF, =0: nsin 45.0°-1.67 N =0 gives the same result 
FIG. P12.62(b) 


P12.63 


P12.64 


P12.65 
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XE,-0: +380 N-F, +320 N=0 j 2.00m -| 
F, =700 N 


Take torques about her feet: 


3:20: -380 N(2.00 m) + (700 N)x +(320 N)0 20 


x=| 1.09 m 


FIG. P12.63 


The tension in this cable is not uniform, so this becomes a fairly difficult problem. 


dL F 


L YA 


At any point in the cable, F is the weight of cable below that point. Thus, F = ugy where uis the mass 
per unit length of the cable. 


1 ug 
2 YA 


Lr qL ug E 
Then, Ay = ( Jy = ydy = 
rg RE 


(1  (240)(9.80)(500)* 


2 (2.00 x10?! (3.00 x 10-*) = 0.049 0 m - | 4.90 cm 


10.0—1.00 
@ Bs "(s = (100 kg) ) m/s SUN 
At 0.002 s 


4500 N 
(b) stress = E =| 450x105 N/m? | 
A (0.010 m)(0.100 m) 


(c) Yes |. This is more than sufficient to break the board. 
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P12.66 The CG lies above the center of the bottom. Consider a disk of water at height y above the bottom. 
Its radius is 


25.0 cm + (35.0 - 25.0 cm), —— — ]= 25.0 em+ 2 
30.0 cm 3 


p 


2 2 
Its area is «(250 mst) . Its volume is (50 cm- x) dy and its mass is zd 250 ems) dy. The 


whole mass of the water is 


30.0 cm 30.0 cm 


500y y? 
M= dm = zp| 625 + +— jd 


500y y? 30.0 
a 


M= sens t 


2 3 
Masta)» EGOO 009 | 


M =z(10° kg/cm? (27 250 cm?) - 85.6 kg 


The height of the center of gravity is 


30.0 cm 


E qe 900p | E 


M 2 9 36 |, 


F ves , 500900 . E 


M 2 9 36 
z(10? kg/cm? 
(10° kg/cm’) 


[453 750 cm*] 


_ 1.43x10° kg-cm _ 
85.6 kg 


16.7 cm 


Vcc 


P12.67 


P12.68 


Let Orepresent the angle of the wire with the vertical. The radius of 


the circle of motion is r = (0.850 m)sin 0. 


For the mass: 


DF, = 


U 2 
ma,-m-—-mro 
r 


T sin @ = m[(0.850 m)sin 6»? 


Further, L- Y (strain) or T = AY - (strain) 


Thus, AY - (strain) = m(0.850 m)o?, giving 
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FIG. P12.67 


(3.90 107* m) (7.00107? N/m? (1.00107?) 


AY - (strain) 
öz = 
m(0.850 m) 


or @ =| 5.73 rad/s |. 


(1.20 kg)(0.850 m) 


For the bridge as a whole: 
$ ra =1,4(0)-(13.3 KN)(100 m)+n,(200 m) 20 
13.3 KN)(100 
SO  np- ( XI M =| 6.66 kN 
200 m 
Y F, =n4 -13.3 kN «ng =0 gives 
n4 =13.3 kN - ng =| 6.66 kN 
At Pin A: 
IF, = —Fap sin 40.0°+6.66 KN =0 or 
Ap = MM =| 10.4 kN (compression) 


YF, = Fac - (10.4 KN) cos 40.0°= 0 so 


F4c =(10.4 kN) cos 40.0°=| 7.94 kN (tension) 


At Pin B: 


> F, = (10.4 KN)sin 40.0°-Fy- sin 40.0°= 0 


Thus, Fgc =| 10.4 kN (tension) 


YF, = Fyn cos 40.0°+F yc cos 40.0°-Fpp = 0 
Fgp = 2(10.4 kN) cos 40.0°=| 15.9 kN (compression) 


By symmetry: | Fpg = F4g = 10.4 kN (compression) 


Fpc = Fgc = 


10.4 KN (tension) 


and Frc = Fac = 7.94 kN (tension) 


We can check by analyzing Pin C: 


YE, 2 4794 kN - 7.94 kN =0 or 0=0 
YF, = 2(104 kN) sin 40.0°-13.3 kN =0 


which yields 0 =0. 


13.3 kN 


FIG. P12.68 
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P12.69 | Member AC is not in pure compression or tension. It 
also has shear forces present. It exerts a downward 
force S,c and a tension force F4c onPinAandon Fac 
Pin C. Still, this member is in equilibrium. 


YE, = Fac - Fac =0 > Fac = Fac 
METERS —(14.7 kKN)(25.0 m) + S4: (50.0 m) 2 0 


Or Sc =7.35 KN 
DF, = Sac - 147 KN +7.35 KN =0 > S 4c =7.35 kN 


Then S yc = Sc and we have proved that the loading by the car A 
is equivalent to one-half the weight of the car pulling down on  , 750m 
each of pins A and C, so far as the rest of the truss is concerned. ^ 250m "147 kN 


For the Bridge as a whole: X` r4 =0: 


-(14.7 KN)(25.0 m) 4 ng (100 m) 2 0 7.35 kN 
ng 23.67 kN 
DF, =n; -14.7 KN +3.67 KN -0 
na =11.0 kN 

At Pin A: 

DF, =-7.35 KN +11.0 KN-Fygsin30.0°=0 — Frp 
Fag =7.35 kN (compression) d 60.0? 
> Fy = Fac - (7335 KN)cos30.0* 20 7.35 kN Fic 
Fac = 6.37 kN (tension) 
At Pin B: 
YF, - -(735 kN) sin30.0°Fyc sin 60.0°=0 
Fgc = 4.24 KN (tension) 
YF, = (7.35 KN) cos 30.0°+(4.24 kN) cos 60.0°-Fgp = 0 
Fgp = 8.49 kN (compression) 
At Pin C: " 
DF, - (424 kN) sin 60.0°+Fop sin 60.0°-7.35 kN - 0 
Fcp = 4.24 kN (tension) 30.0 
Y. E, = —6.37 kN — (424 KN) cos 60.0°+(4.24 kN) cos 60.0°+Fop = 0 eccl im 
For = 6.37 kN (tension) 
FIG. P12.69 


At Pin E: 
DF, = -Fpr sin30.0°+3.67 kN =0 


Fpg =7.35 kN (compression) 


or YF, =-6.37 KN - Fp, cos30.0°=0 
which gives Fpg = 7.35 KN as before. 
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P12.70 (1) ph-lo 


2) p=Mocm 
If the ball rolls without slipping, Ra = vc 


Bare des lo I 2n 
p Moe MR [|5 


P1271 (a) If the acceleration is a, we have P, = ma and 
P, *n —F, =0. Taking the origin at the center of 
gravity, the torque equation gives 


P,(L-d)* P,h-nd -0. 


Solving these equations, we find 


p -| Esq% 
y L g ` 


Wo Eeste jah _ (200 m/s?)(1.50 m) 
mE 8 9.80 m/s? 


FIG. P12.71 


=| 0.306 m |. 


(c) Using the given data, P, — 306 N and P, 2553 N. 


Thus, | P =(-306i +553j) N 


*P12.72 When the cyclist is on the point of tipping over forward, 
the normal force on the rear wheel is zero. Parallel to the 
plane we have f, —mgsin@=ma. Perpendicular to the 
plane, nı —-mgcos@=0. Torque about the center of mass: 


mg(0) — f, (1.05 m)+7,(0.65 m)=0. a " 


Combining by substitution, FIG. P12.72 


n,0.65 m . 0.65 m 
—— —— — - mg sinü = "ROS 
1.05 m 1.05 m 


a= qos 2T -sin 20 )= [235 m/s? =| 2.35 [ 2.35 m/s? | 


*P12.73 When the car is on the point of rolling over, the normal 
force on its inside wheels is zero. 
DF, =ma,y: n-mg-0 
2 
mo 
TE =ma,: f = UR 


d 
Take torque about the center of mass: fh- n pM = 


ma= f, —mgsin@ = 


—mgsin@ 


UM 
=0 Omax = 
2 2h FIG. P12.73 


A wider wheelbase (larger d) and a lower center of mass (smaller /!) will reduce the risk of rollover. 


mo? "7 mgd 


Then by substitution 
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ANSWERS TO EVEN PROBLEMS 


P12.2 


P12.4 


P12.6 


P12.8 


P12.10 


P12.12 


P12.14 


P12.16 


P12.18 


P12.20 


P12.22 


P12.24 


P12.26 


P12.28 


P12.30 


P12.32 


P12.34 


P12.36 


P12.38 


F, +R, -F, 20; F,- R, =0; 


£ . 
F,tcos0— r (7 Jeoso- F,tsinQ0z0 


see the solution 
0.750 m 
(2.54 m, 475 m) 


(a) 9.00 g; (b) 52.5 g; (c) 49.0 g 
(a) 392 N; (b) (3391 +0j) N 
(a) f= [Tas e koto; 
ne (m, *m5)g; (b) u mau 
see the solution; 0.643 m 

36.7 N to the left; 31.2 N to the right 


(a) 35.5 KN; (b) 11.5 KN to the right; 
(c) 4.19 KN down 


(a) 859 N; (b) 104 kN at 36.9? above the 
horizontal to the left 


3L 


4 


(a) see the solution; (b) 8 decreases; 
(c) R decreases 


(a) 73.6 kN; (b) 2.50 mm 
—1cm 
9.85 x 10? 


0.0293 mm 


(a) 20.0538 m?; (b) 1.09 x 10? kg/m? ; 
(c) Yes, in most practical circumstances 


(a) 53.15; (b) 1.04 kN; (c) 0.126 m, 51.25; 
(d) 1.07 kN; (e) 0.129 m, 51.15; (f) 51.1? 


e + z) cot 0 


P12.40 


P12.42 


P12.44 


P12.46 


P12.48 


P12.50 


P12.52 


P12.54 


P12.56 


P12.58 


P12.60 


P12.62 


P12.64 


P12.66 


P12.68 


P12.70 


P12.72 


(a) 0.400 mm; (b) 40.0 KN; (c) 2.00 mm; 


(d) 2.40 mm; (e) 48.0 kN 

at A: Mec. at B: Mes. 
sin(a + f) sin(a + f) 

(a) 160 N to the right; 


(b) 13.2 N to the right; (c) 292 N up; 
(d) 192 N 


1.46 kN; (133i + 2.58j) kN 


0.789 
T 21.68 kN; R= 2.24 kN; 0- 21.2? 
(a) see the solution; (b) 60.0? 


(a) 120 N; (b) 0.300; (c) 103 N at 31.0? above 
the horizontal to the right 


(a), (b) see the solution; 
(c) Cap 2732 N; Tac 2634 N; Cgc 2897 N 


(a) (9.09 m, 10.9 m); (b) (10.0 m, 10.9 m); 
(c) 0.114 mys to the right 


3 

gi 

(a) B, 1.7 N; P, =3.33 N; P, =1.67 N; 
(b) 2.36 N 

4.90 cm 


16.7 cm above the center of the bottom 


Cap =10.4 KN; Tac =7.94 kN; 
Tgc =10.4 KN; Cgp = 15.9 kN ; 
Cpr =10.4 KN; Tpc =10.4 kN; 
Tgc = 7.94 kN 


Q13.3 


Q13.4 


Q13.5 


Q13.6 
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ANSWERS TO QUESTIONS 


Q13.1 Because g is the same for all objects near the Earth's surface. 
The larger mass needs a larger force to give it just the same 
acceleration. 


Q13.2 To a good first approximation, your bathroom scale reading is 
unaffected because you, the Earth, and the scale are all in free 
fall in the Sun’s gravitational field, in orbit around the Sun. To 
a precise second approximation, you weigh slightly less at 
noon and at midnight than you do at sunrise or sunset. The 
Sun's gravitational field is a little weaker at the center of the 
Earth than at the surface subsolar point, and a little weaker still 
on the far side of the planet. When the Sun is high in your sky, 
its gravity pulls up on you a little more strongly than on the 
Earth as a whole. At midnight the Sun pulls down on youa 
little less strongly than it does on the Earth below you. So you 
can have another doughnut with lunch, and your bedsprings 
will still last a little longer. 


Kepler’s second law states that the angular momentum of the Earth is constant as the Earth orbits 
the sun. Since L= mor , as the orbital radius decreases from June to December, then the orbital speed 
must increase accordingly. 


Because both the Earth and Moon are moving in orbit about the Sun. As described by 
Fyravitational = 4 centripetal, the gravitational force of the Sun merely keeps the Moon (and Earth) in a 
nearly circular orbit of radius 150 million kilometers. Because of its velocity, the Moon is kept in its 


orbit about the Earth by the gravitational force of the Earth. There is no imbalance of these forces, at 
new moon or full moon. 


Air resistance causes a decrease in the energy of the satellite-Earth system. This reduces the diameter 
of the orbit, bringing the satellite closer to the surface of the Earth. A satellite in a smaller orbit, 
however, must travel faster. Thus, the effect of air resistance is to speed up the satellite! 


Kepler's third law, which applies to all planets, tells us that the period of a planet is proportional to 
r°’? . Because Saturn and Jupiter are farther from the Sun than Earth, they have longer periods. The 
Sun's gravitational field is much weaker at a distant Jovian planet. Thus, an outer planet experiences 
much smaller centripetal acceleration than Barth and has a correspondingly longer period. 
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Q13.7 


Q13.8 


Q13.9 


Q13.10 


Q13.11 


Q13.12 


Q13.13 


Q13.14 


Q13.15 
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Ten terms are needed in the potential energy: 
U =U +U Ug Ug UU gg +U +U gy + Us + Uys. 


2 


Sr N^-N 
With N particles, you need })(i-1)= 7 terms. 
i 


No, the escape speed does not depend on the mass of the rocket. If a rocket is launched at escape 

speed, then the total energy of the rocket-Earth system will be zero. When the separation distance 

2 GMgm 
T 


— 0, the mass 


becomes infinite (U = 0) the rocket will stop (K 2 0). In the expression : mo 


m of the rocket divides out. 


It takes 100 times more energy for the 10° kg spacecraft to reach the moon than the 10° kg 
spacecraft. Ideally, each spacecraft can reach the moon with zero velocity, so the only term that need 
be analyzed is the change in gravitational potential energy. U is proportional to the mass of the 
spacecraft. 


The escape speed from the Earth is 11.2 km/s and that from the Moon is 2.3 km/s, smaller by a factor 
of 5. The energy required—and fuel—would be proportional to v?, or 25 times more fuel is required 
to leave the Earth versus leaving the Moon. 


The satellites used for TV broadcast are in geosynchronous orbits. The centers of their orbits are the 
center of the Earth, and their orbital planes are the Earth’s equatorial plane extended. This is the 
plane of the celestial equator. The communication satellites are so far away that they appear quite 
close to the celestial equator, from any location on the Earth’s surface. 


For a satellite in orbit, one focus of an elliptical orbit, or the center of a circular orbit, must be located 
at the center of the Earth. If the satellite is over the northern hemisphere for half of its orbit, it must 
be over the southern hemisphere for the other half. We could share with Easter Island a satellite that 
would look straight down on Arizona each morning and vertically down on Easter Island each 
evening. 


The absolute value of the gravitational potential energy of the Earth-Moon system is twice the 
kinetic energy of the moon relative to the Earth. 


In a circular orbit each increment of displacement is perpendicular to the force applied. The dot 
product of force and displacement is zero. The work done by the gravitational force on a planet in an 
elliptical orbit speeds up the planet at closest approach, but negative work is done by gravity and 
the planet slows as it sweeps out to its farthest distance from the Sun. Therefore, net work in one 
complete orbit is zero. 


Every point g on the sphere that does not lie 
along the axis connecting the center of the 
sphere and the particle will have companion 
point q’ for which the components of the 
gravitational force perpendicular to the axis 
will cancel. Point q' can be found by rotating 
the sphere through 180? about the axis. The 
forces will not necessarily cancel if the mass is 
not uniformly distributed, unless the center of 
mass of the non-uniform sphere still lies along 
the axis. 


q' (behind the sphere) 


FIG. Q13.15 


Q13.16 


Q13.17 


Q13.18 


Q13.19 


Q13.20 


Q13.21 


Q13.22 
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Speed is maximum at closest approach. Speed is minimum at farthest distance. 


: Lag ae GM 
Set the universal description of the gravitational force, F, = xm 


n 2 , equal to the local description, 


F, =m 


g a gravitational’ 


mass of a “test particle.” Divide both sides by m. 


where My and Ry are the mass and radius of planet X, respectively, and m is the 


The gravitational force of the Earth on an extra particle at its center must be zero, not infinite as one 
interpretation of Equation 13.1 would suggest. All the bits of matter that make up the Earth will pull 
in different outward directions on the extra particle. 


Cavendish determined G. Then from g = B one may determine the mass of the Earth. 


The gravitational force is conservative. An encounter with a stationary mass cannot permanently 
speed up a spacecraft. Jupiter is moving. A spacecraft flying across its orbit just behind the planet 
will gain kinetic energy as the planet's gravity does net positive work on it. 


Method one: Take measurements from an old kinescope of Apollo astronauts on the moon. From the 
motion of a freely falling object or from the period of a swinging pendulum you can find the 
acceleration of gravity on the moon's surface and calculate its mass. Method two: One could 
determine the approximate mass of the moon using an object hanging from an extremely sensitive 
balance, with knowledge of the position and distance of the moon and the radius of the Earth. First 
weigh the object when the moon is directly overhead. Then weigh of the object when the moon is 
just rising or setting. The slight difference between the measured weights reveals the cause of tides 
in the Earth's oceans, which is a difference in the strength of the moon's gravity between different 
points on the Earth. Method three: Much more precisely, from the motion of a spacecraft in orbit 
around the moon, its mass can be determined from Kepler's third law. 


The spacecraft did not have enough fuel to stop dead in its high-speed course for the Moon. 


SOLUTIONS TO PROBLEMS 


Section 13.1 Newton's Law of Universal Gravitation 


P13.1 


P13.2 


For two 70-kg persons, modeled as spheres, 


p Gmm (6.67 x10. N-m?/kg? (70 kg)(70 kg) 


—107 N |. 
8 r2 (2 m)? 


Gmm, 
r? 


F=m,g= 


Gm, (667x107 N-m?/kg? (4.00 x 10* x 10° kg) 


d (100 m)? 


-[2.67x107 m/s? | 
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P13.3 


P13.4 


P13.5 


(a) At the midpoint between the two objects, the forces exerted by the 200-kg and 500-kg objects 
are oppositely directed, 


Gmm, 
and from F= Ec NE 
G(50.0 kg)(500 kg — 200 k 
we have yrs l eK d 8) _ 2.50x10~° N | toward the 500-kg object. 


(0.200 m)? 


(b) At a point between the two objects at a distance d from the 500-kg objects, the net force on 
the 50.0-kg object will be zero when 


G(50.0 kg)(200 kg) G(50.0 kg)(500 kg) 


(0.400 m- d)? d? 


or d =| 0.245 m 


mı +m, =5.00 kg m, = 5.00 kg ^m, 


mı (5.00 kg - mı) 
(0.200 m)? 


mm» 
r2 


F=G 


= 1.00 x 10° N - (667x107 N-m?/kg?) 


(1.00 x10? N (0.040 0 m?) 
6.67 x10! N-m?/kg? 


(5.00 kg)m, ^m? = = 6.00 kg? 


Thus, m? — (5.00 kg)m, + 6.00 kg =0 
or (m, —3.00 kg)(m, —2.00 kg) =0 


giving | m, =3.00 kg, so m, = 2.00 kg |. The answer m, = 2.00 kg and m, =3.00 kg is physically 


equivalent. 
The force exerted on the 4.00-kg mass by the 2.00-kg mass is "D" SE 4 
directed upward and given by Bebe RR bb pd 
p NC 
g 4.00 kg Y2.00 kg) » pibes parepta ret 0300 Mr 
Fy, -G^572.j - (6.67x10™ Nm? fig?) eX i Ej. dore ce 
"4 (3.00 m) modu dcr Mr Me 
13 pubes cp petia 1 
-593x10-jN Lim Lig css] - 
1 H i d 
The force exerted on the 4.00-kg mass by the 6.00-kg mass is 36 9 80e Seat ki k s 
directed to the left ee aa nea 
A 4.00 kg)(6.00 kg) 
pco i)=( 6.67 x 1071 N-m?/kg?)! g)( 8): FIG. P13.5 


fe (4.00 m)? 
= 100 x 1071 iN 


Therefore, the resultant force on the 4.00-kg mass is F; = Ej, + E; = (-10.0i + 5.95) x10 N |. 


P13.6 (a) 
(b) 
(c) 
Section 13.2 
P13.7 F 


_ GMm 
r? 
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The Sun-Earth distance is 1.496 x 10"! m and the Earth-Moon distance is 3.84 x 10? m , so the 
distance from the Sun to the Moon during a solar eclipse is 


1.496 x101! m-3.84x108 m=1.492x10!! m 


The mass of the Sun, Earth, and Moon are M; =1.99 x10” kg 
Mp =5.98x10™ kg 


and My 27.36 x10? kg 


Gm,m, (6.67 x 10™ (199x109 (7.36x10?) 


L 4.39 x 10” N 
r 


We have Foy, = 


(1492 x 101 


pues (6.67 «107 N -m?/kg?)(5.98 x 10? (736x107) _ NES 


(3.84x105)' 


T (6.67 x10 N-m?/kg?)(1.99 x 10% 5.98 x 10%) HAN 


(1.496 x10")? 


Note that the force exerted by the Sun on the Moon is much stronger than the force of the 
Earth on the Moon. In a sense, the Moon orbits the Sun more than it orbits the Earth. The 
Moon’s path is everywhere concave toward the Sun. Only by subtracting out the solar 
orbital motion of the Earth-Moon system do we see the Moon orbiting the center of mass of 
this system. 


Measuring the Gravitational Constant 


-8 
- (667x107 N-m?/ des " m. 7A1x10 "N 
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P13.8 Let Q represent the angle each cable makes with the vertical, L the T 
cable length, x the distance each ball scrunches in, and d 2 1 m the 
original distance between them. Then r = d - 2x is the separation of F, 
the balls. We have 


DF, =0: T cos0—mg =0 


mg 
Gmm 
F,-0: Tsino- =0 
L5 r? FIG. P13.8 
Then tanĝ = Cram E 3 x(d 2x)? ae ae 
r'mg I?-x? g(d-2x) 


G 
The factor “is numerically small. There are two possibilities: either x is small or else d — 2x is 


small. 
Possibility one: We can ignore x in comparison to d and L, obtaining 


6.67 x10 N-m?/kg? (100 k 
"t 2 me 2 id x 23.06 x10 m. 
(98 m/s?) 


The separation distance is r Z1 m- 2(3.06 x10? m) -|1000m-613 nm |. 


Possibility two: If d — 2x is small, x «0.5 m and the equation becomes 


(6.67 x10. N-m?/kg? (100 kg) 
(9.8 N/kg) 


(0.5 m)r? = Jas m)? - (0.5 m)? r-|274x10* m |. 


| 


For this answer to apply, the spheres would have to be compressed to a density like that of the 
nucleus of atom. 


Section 13.3 Free-Fall Acceleration and the Gravitational Force 


2 
P13.9 a= MG = 220 m/s =| 0.613 m/s? toward the Earth. 


(mj) — 160 
G e 
GM v 3 4 
P13.10 - = =—aGpR 
Smp p a e 
$4 1 rd 
If = 
4nGp eR 
SE 6 fe E 


Chapter 13 
P13.11 (a) At the zero-total field point, mM = mise 
TE TM 
d uso Men [736x107 r; 
M Fv M, FYs98x107^ 901 
r 
Tg try =3.84x 10° mo rg  —— 
d aa F^ 901 
8 
pe eon 
1.11 
(b) At this distance the acceleration due to the Earth's gravity is 
GM, (667x107 N:m?/kg?)(5.98 x10% kg) 
SE- 3 > ae 
TE (3.46 x 108 m) 
SE= | 3.34x 107 m/ s? directed toward the Earth 
Section 13.4 


Kepler's Laws and the Motion of Planets 


2g  22(384400)x10? m 5 
P13.12 (a) v= = =| 1.02 x10° m/s |. 
T 27.3 x (86 400 s) 


(b) 


In one second, the Moon falls a distance 


1 1 v2 1 (1.02 103)’ 
x=at? = = pz 


x (1.00)? 21.35x10? m - 1.35 mm |. 
2 2r 2 (3.844 x 10°) 


The Moon only moves inward 1.35 mm for every 1020 meters it moves along a straight-line 
path. 


P1313 Applying Newton's 2nd Law, >’ F = ma yields F, = ma, for each star: 


220 km/s 
GMM M? a 
(Or = eR Or M = 


We can write r in terms of the period, T, by considering the time and N 
distance of one complete cycle. The distance traveled in one orbit is the 
circumference of the stars’ common orbit, so 2zr = vT. Therefore 


VE Av?r = 4v? (Z) 
G G 2r 


FIG. P13.13 


3 
3r 2(220x10° m/s) (14.4 d)(86 400 s/d 
so, M = a | / K i 7 ia) =| 1.26 x10? kg = 63.3 solar masses 
mG (6.67 x 107 N-m /kg ) 
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P13.14 Since speed is constant, the distance traveled between t4 and t, is equal to the distance traveled 
between t, and t,. The area of a triangle is equal to one-half its (base) width across one side times its 
(height) dimension perpendicular to that side. 


1 1 
So 5 (t; -h)- 5 (ta -13) 


states that the particle's radius vector sweeps out equal areas in equal times. 


2,3 
P1315  T?- LL (Kepler's third law with m «« M) 
3 
32358 A^ (422 x10* m) 


- -|1.90x107? kg 
GT? (667x107 N-m?/kg? (1.77 x 86 400 s)? 


(Approximately 316 Earth masses) 


P13.16 By conservation of angular momentum for the satellite, 


Up r, 2289km+6.37x10° km 8659 km 
TU, =1qVq == = 


iii v, r,  459km+637x10° km 6829km 


1.27 |. 


We do not need to know the period. 


P13.17 By Kepler's Third Law, T? = ka? (a= semi-major axis) 


For any object orbiting the Sun, with T in years and a in A.U., 
k 21.00. Therefore, for Comet Halley 


3 
(756) = aof 22 P ty 


e 2a=x+y > 
The farthest distance the comet gets from the Sun is FIG. P13.17 
y= 2(75.6)” ? 0.570 =| 35.2 A.U. (out around the orbit of Pluto) 
P13.18 Yr €— GM planet Mstar M planet?” (a) yf d E bs 
` ' r? r ar ee NLN 
(Quo 
GM star preg? . Me O Ọ 
GM gar = r?o? = rol =r; 0 Sa aie 
3/2 
0° 468° Oy. ges 
Dy —0, T Oy = 20g 37? = ES Es Dt 
Ty 5.00 yr 5.00 yr Lo py EL 
fo £ DES. 
AN. MEE 
So | planet Y has turned through 1.30 revolutions |. Y e NI 
\ l 
ye e LE 
S pi 
™ -— 


FIG. P13.18 


P13.19 


P13.20 


*P13.21 
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GM, _ 42°(R) +4) 
(R; +d)” T’ 


GM,T? - Az? (Ry +d} 


(6.67 107. N-m?/kg?}(1.90 10? kg)(9.84x 3 600)* = 4z?(6.99 x 10" + 2 


d - | 8.92x107 m |=| 89 200 km | above the planet 


The gravitational force on a small parcel of material at the star's equator supplies the necessary 
centripetal force: 


Man - mo? _ mR? 
R; R, 


SO 


[a (6.67 x 107"! N m? /kg? J[2(1.99 x10” kg) 
e -— R? = 


(10.0 x 10? mJ 


o -|1.63x10* rad/s 


The speed of a planet in a circular orbit is given by 


YF-me: GM guy _ mo? me [GM oun : 
r’ r r 


(6.67 x 107" (1.99 x 10%) m? 


For Mercury the speed is UM = = 4.79 x10* m/s 
a (5.79 x10") s? , 


(6.67 x 107 (1.99 x 10°) m? 
| (5.91 x 10") s? 


and for Pluto, Up= = 4.74 x 10? m/s. 


With greater speed, Mercury will eventually move farther from the Sun than Pluto. With original 
distances rp and ry, perpendicular to their lines of motion, they will be equally far from the Sun 


after time t where 


i ee yy eee ee 
rà e vàt = Jr +05 


2 2 2 2,2 
rp —TM - (v -vt 


(59110 m) -6700 mf [Gaga we 
(4.79 x 10* m/s) - (474x10? m/s) ME m?/s? -124x10* s =| 393 yr |. 
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2 2 
*P13.22 For the Earth, $ F=ma: Em EM (m . 
r r r\T 
Then GM,T? = 4z?r?, 
Also the angular momentum L=mor=m =, is a constant for the Earth. 
ast LT . 
We eliminate r = ,/—— between the equations: 
2am 
3/2 3/2 
GM,T? = e = | GM,T’? = eC) 
20m 27m 
Now the rate of change is described by 
cM (7 Aen ai TH) =0 OE T. aT 
2 dt dt dt dt | M, T 
dM . f 1 
ETE a E T eto n (-3.64x10? kg/s) 2 — 7. — 
dt \ M, 1yr 1.991 x10% kg 
AT =| 182x107 s 
Section 13.5 The Gravitational Field 
P1323 g= EE i+ EE j * a (cos 45.0°i+sin 45.0j] " 
l l 2l 1 
@--1---@ 
so Sep : yi Or | 
8 12 S J Il 
I 
| 
m x 
g= (We + z toward the opposite corner O 
FIG. P13.23 
GMm (667x10™ N-m?/kg?)j1o0(1.99 x 10” kgJ(10? kg) 
P1324 (a) F=— >= - -[|131x10"7 N 
r (1.00 10* m «50.0 m) 
black hole 
GMm GMm m 
b AF- - E 
ios paik B32 = 
AF GM(Foack T Phont) l<— 100 m >l 10 km 
Ag=——= T 2 
m front! back 
FIG. P13.24 
2 2 
(6.67 x 10™ J10o(1.99 xo) (Lo: x10* m) - (100 x 10* m) | 
Ag = 


(1.00 x 104 m) (1.01 x 104 mJ 


Ag =| 262x107 N/kg | 
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P1325 g;=8)= 


riS 
Boe 
= 


S1y ^ S2y Sy = 81y * 82y g 
; 1 
Six = 82: = 82 C080 cos 0 =~ e P 
a? +r?) T 
2 82 
8- 2g, (-i) 
iw 
2MGr 
or g=|— — Um toward the center of mass 
Md 
r^-a 
FIG. P13.25 
Section 13.6 Gravitational Potential Energy 
6.67 x10! N-m?/kg? (5.98 x 10?* kg (100 kg 
P1326 (a)  u--CMe". | iM I 2 4.77 x10? J |. 


r (6.37 + 2.00)x 10° m 


(b), (c) Planet and satellite exert forces of equal magnitude on each other, directed downward on 
the satellite and upward on the planet. 


 GMpm_ (6.67 x10. N-m?/kg?)(5.98 x10% kg)(100 kg) : 


F E z 569 N 
r (8.37 x 10° m) 
p13.27 u--cM" and  g- GM; 
r R£ 
so that AU = -GMm : ne mgRr 
SR. Ry} 3 


au==(1 000 kg)(9.80 m/s? (6.37 x 10° m)=| 417 x 10" J |. 


P13.28 The height attained is not small compared to the radius of the Earth, so U = mgy does not apply; 
GM,M 
U =-= 
r 


2 does. From launch to apogee at height h, 


GMpMy 0 GMrM, 


1 
K; +U; +AEmen =K 5 +Uf: z Myvi e 
E E 


24 
= (10.0% 10° m/s) ~ (6.67 x10! ifie? SSS 


6.37 x 10° m 


6.37 x 10° m+h 
-3.99 x10 m?/s? 
6.37 x10 m+h 


24 
--(667 x10" Navi [ S20 RE 


(5.00107 m?/s?]-(6.26x107 m?/s?)- 

3.99 x10^ m?/s? 
— 126x107 m?/s? 
h 2252x107 m 


6.37 x10 m+h -316x10/ m 
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M,  9(L99x10? kg) 


P13.29 (a) p- -|184x10? kg/m? | 


imb 4n(6.37 x 10° mJ 


GM, (667x107 N-m?/kg?)(1.99 x10? kg) 


b _g=— 58 = ; -|327 x105 m/s? 
TÉ (6.37 «109 m) 
6.67 x10 N-m?/kg*\(1.99 x10?? kg (1.00 kg 
(d. osse Ae) - l ). 2,08 x10" J 
8 TẸ 6.37 x 10° m 
P13.30 W=-4AU= (eae o) 
r 
46.67 x10 N -m?/kg?)(7.36 x10” kg}(1.00 x 10° k 
TN [ke I 2 sj 8) _ 2.8210" J 
1.74x10° m 
Gm ym, 
P13.31 (a) Uo = Uy. + Us t U5 3U, 3 
"2 
3(6.67 x10 N-m?/kg? (5.00 10^? kg) 
ias -|-167x10 ^J 
0.300 m 
(b) At the center | of the equilateral triangle 
*P13.32 a Energy conservation of the object-Earth system from release to radius r: 
8y J y 
(K a He h a (K * Us). ius r 
GM,;m 1 aum GM şm 
Rg+h 2 r 
i- dl ug 
v-|2GMg ae 
r Repth dt 
f Í i 
(b) Jat= ae J dt hetimeottallis 
i ; 0 y 
Rg+h 1 1 -1/2 
At= Í |2GM;|-- dr 
R r Repth 
6.87x10° m 1 1 -1/2 
at= f |2x667x10™ <598x104(2-—— E] dr 
M r 687x105 m 


We can enter this expression directly into a mathematical calculation program. 


Alternatively, to save typing we can change variables to u = T Then 


Ae -1/2 6 6.87 -1/2 
TE ( RP BET TEC TIS n (: : ) 
10°u 6.87x10 (108) eau 687 


At= (7.977 x10" 


6.37 
A mathematics program returns the value 9.596 for this integral, giving for the time of 
fall At = 3.541 x 10 ? x 10? x 9.596 = 339.8 =| 340 s |. 
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Section 13.7 | Energy Considerations in Planetary and Satellite Motion 


P13.33 Vo RON JE de — lg.GM, Qon -ly) 
2 Te j) 2 2 Rgj 2 
2GM 
or 0j =v] - E 
Re 
1/2 
and Up 4 - 2d 
RE 
4)\2 sT? n 
p= (2.00 x10*)" -1.25 x10 | -|166x10* m/s 
2 G 
P13.34 (a) U solar escape — 2M sun =| 42.1 km/s 
Resun 
(b) Let r = Rg;x represent variable distance from the Sun, with x in astronomical units. 
2MsunG 42.1 
V= = 
Re sx vx 
12 k 
] p= 12000 km. then x—147 A.U.=| 220x107 m 
3 600 s 


(at or beyond the orbit of Mars, 125 000 km/h is sufficient for escape). 


2 
P13.35 To obtain the orbital velocity, we use S pe M = A 
MG 
Or TI elisa 
R 
1 MG 
We can obtain the escape velocity from m a = a 
2MG 
or Vec T4 = J42v 
R 
2 
P13.36 Un c Me 


=1.45x10'° J 


15 1(GM,m)_ 1|(667x10 N-m?/kg? (5.98 x10% kg)(500 kg) 
| | 2 (6.37 x 10° m) « (0.500 x 10° m) 


The change in gravitational potential energy of the satellite-Earth system is 


Au = EME" oa Gin d. M 
R; Ry Ri Ry 


1 


- (667 x10 N-m?/kg?)(5.98 x 10™ kgJ(500 kg)(-1.14x 10% m^!) = -227 x 10° J 


1 1 2 
Also, K; = > mvj = >(500 kg)(2.00 x 10° m/s) =1.00 10° J. 


The energy transformed due to friction is 


AE int =K; -K ; - AU =(14.5- 1.00 + 2.27) x 10° J =| 1.58 x10"? J |. 
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P13.37 


2 
G 
yero ed. E 
Y Y 


G 
which reduces to v = Mr 


and period = a 


=2ar $ : 
GMg 
(a) r = Rg +200 km = 6370 km+ 200 km = 6 570 km 
Thus, 
4=20(657 106 m) (6.57 x10° m) 
period = 2716.57 x m 
(667 x10 N-m?/kg? (5.98 x10% kg) 
T =5.30 x 10° $2883 min =| 1.47 h 
6.67 x10 N-m?/kg?)(5.98 x10% kg 
(b) gai = | / I ) 7.79 km/s 
r (6.57 x10* m) 
(c) 


K, +U, =K; +U; + energy input, gives 


in ieee! 
P ny 


ar -GM gm -GM gm 
2 rr 


fj 


(1) 
r; = Rg = 6.37 x 10° m 
po SE 1563 10? qme 

86 400 s 


Substituting the appropriate values into (1) yields the 


minimum energy input = 


6.43 x 10? J 


P13.38 


P13.39 


P13.40 
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The gravitational force supplies the needed centripetal acceleration. 


2 
Thus, Male c e at T GM; 
(Rp +h) (Re th) Rp +h 
2a(Rp +h Ry +h) 
(a) T.27. a(Re +h) T-«l2 (Re +h) 
[^ GMrg GM, 
(Re+h) 
GM 
(b) v= E 
Rg+h 
(c) Minimum energy input is AE win = (K [*Ug ) = (K ;-U a 
It is simplest to 
launch the satellite from a location on the equator, and launch it toward the east. 
This choice has the object starting with energy K; = "i 
with EL MEE CU: aud. “ipso 
1.00 day 86 400 s 8 Re 
2p2 
hus AE cues nf GM; | GMpm 1 | 4m^Rj xl GM,m 
2 \Reth) Rgeh 2 (86 400 s) Rg 
2p2 
T gee cen] Rp +2h | 27 Rim 
2Rp(Re+h)| (86 400 s) 
Ea GMm 
2r 
p_&Mmf1 1 (6.67 x 107 (5.98 x10) 103 kg 1 1 
A = 
2 (n nm 2 10?m(6370--100 6370 + 200 
AE = 4.69 x 10° J=| 469 MJ 
Gm Gm 
SET =" Su = 3 
TÉ fu 
ay Siati 140 ! j =1.02 Su = (1.02)(9.80 m/s?)=[10.0 m/s? 
Se mp 3.70 


(b) 


2Gmg | 
Uesc,E = j 
TE 


_ [2Gmu . 
U esc U v 
Tu 


esc,E 


| [myrg _ |140 -195 
Mey 3.70 


[^ 
U esc, U 


For the Earth, from the text's table of escape speeds, Ves g =11.2 km/s 


Dose ty = (195)(11.2 km/s) = 


21.8 km/s 
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P13.41 


Gm,m, 667x107 N.m* 


The rocket is in a potential well at Ganymede's surface with energy 


m (1.495 x 10? kg) 


U= 
T 


U, =-3.78x10°m, m?/s? 


kg^(2.64 x 10* m) 


The potential well from Jupiter at the distance of Ganymede is 


Gmm, | 667x107 N-m 


^m3(1.90 x10” kg) 


U, 
r 


U, =-1.18x 108m, m?/s? 


To escape from both requires 


2 
Vege =42x1.22x108 m?/s? = 


P13.42 
alone in the Universe: 


Now for the flight from moon to Earth 


(K +U), =(K+U), 
1 5 GmM,, 
z "P launch R 


4GM,, 


GmM, 1 


mo? 
2 


r 
GM; 1 


m 


GM,, 2 


impact 


GM 


kg?^(L071x10? m) 


: mood. = «(378 x 10° +1.18 x 105)m; m?/s? 


We interpret “lunar escape speed” to be the escape speed from the surface of a stationary moon 


m 


Uimpact 


j 


3 x7.36 x10” kg „736x 10” kg x 


R 2 


Uimpact = E 


m Rn Tel 


3M, Mn | Mr. Mr 


R r Rg 


My Tel 


m 


My 


598x107 kg 5.98 x 10™ kg 


= 2G 6 8 
174x106 m 384x105 m 
- [2G(1.27 x107 +1.92 x 1014 +9.39 x10” — 


= [2(667 x10" N-m?/kg?)10.5x10"” kg 


j 


6.37x10fm  3.84x108 m 
1/2 
1.56x10"°) kg/m| 


jm] ^ E 


118 km/s 


Chapter 13 
*P13.43 (a) Energy conservation for the object-Earth system from firing to apex: 
(K«u,). -(K *u,), 
GmM GmM 
1 mo? mM pg -0 mM y 
Rẹ Rg+h 
GmM 
where : mul. = MVE Then 
2 E 
1 1 1 R 
2 2. vA RE 
Uesc — Vi = Jig 
pth 
1 _ Repth 
Des v o; oec Rr 
h= VeseR R DRE [MS T v; Rp 
2 2 E 2 2 
Uesc — Yj Uesc — Ui 
2 
hz d 2 
Uesc — Vi 
6.37 x 10° m (8.76) 
(p — h-.$97*10 m(876) T 00.107 m 
(11.2) - (8.76) 
(c) The fall of the meteorite is the time-reversal of the upward flight of the projectile, so it is 


described by the same energy equation 


2 7 
voci peg ja =(11.2 10° m/s) zoe — 
Rpeh Rg+h 6.37 x 10° m+2.51x107 m 


= 1.00 x10® m?/s? 


v; =| 1.00x10* m/s 


Ru Rev?R GM 1 
E" -DEVi ME But g=—z=, 50 h= "iin agreement with 
v). — 2GMg Rr 2g 


0? =v? +2(-g)\(h-0). 


(d) With v; «« Vese; he 


| 
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P13.44 For a satellite in an orbit of radius r around the Earth, the total energy of the satellite-Earth system is 


GM 
E- SEE Thus, in changing from a circular orbit of radius r = 2R, to one of radius r - 3Rg, the 
r 
required work is 
W - AE SIE Gs caes 1 1 |_| GMgm 
2r 2r; 4Rg 6Rpg 12Rg 
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*P13.45 (a) The major axis of the orbit is 2a = 50.5 AU so a = 25.25 AU 
Further, in Figure 13.5, a+c =50 AU so c = 24.75 AU 
Then gal a Ee "1 gogg 
a 25.5 


(b) In T? = Ka? for objects in solar orbit, the Earth gives us 
2 


2 3 (1 yr) 
1yr) - K,(1 AU ee 
( yr) al ) s ü AU) 
2 
1 
Then pa! Yt) (25.25 AUP T=[127 yr 
(1 AU) 


e  u.-SMm. (667 x10 N-m?/kg?)(1.991 x10” kg)(1.2 x 10? kg) SE Sa, 
r 50(1.496 x 10" m) 


2 
GmM rg _ mv 


2 


*P13.46 (a) For the satellite $, F = ma 
r r 


12 
" (8) 


T 


(b) Conservation of momentum in the forward direction for the exploding satellite: 
(2mo), = (X mo), 
5MVo = 4mv; + m0 


5 5 (eue ) 
09 —_ 
4 4 


Uj = 


T 


(c) With velocity perpendicular to radius, the orbiting fragment is at perigee. Its apogee 
distance and speed are related to r and v; by 4mro; = 4mr;v; and 
: ; CM 4mv; Sea . Substituting v; = JI we have 
2 r 2 rr rr 
Tg 6Mg d v?r? 25 GM; 
2 


GM 
: > E Further, substituting v? = — gives 
r 2r f T 16 r 


Amo? 


25GM, GM, 25GMg GM; 
32 r r 32 r? ry 


P 
TEL 25r 1 


32r E 32r? Tf 


2 
T T 
Clearing of fractions, -nj -2br? —32rr, or / i | a i E 25 - 0 giving 
T T 
rp 4382432? - 4(7)(25 
fe m VED) B » or s, The latter root describes the starting point. The outer 
r 


r 
end of the orbit has 1.2, yee A 
r 
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Additional Problems 


P13.47 Let m represent the mass of the spacecraft, rp the radius of the Earth's orbit, and x the distance from 
Barth to the spacecraft. 


GM 
The Sun exerts on the spacecraft a radial inward force of Iu Ein 
(rg - x) 
while the Earth exerts on it a radial outward force of Fp- Men 
x 


The net force on the spacecraft must produce the correct centripetal acceleration for it to have an 
orbital period of 1.000 year. 


2 
Thus pop. CMs _ GMem _ mo m E 
Ut N-! x Oe) (x-9| T 
Az? (rz — 
which reduces to GM eM id (e x) " 
(rg - x) x T 


Cleared of fractions, this equation would contain powers of x ranging from the fifth to the zeroth. 
We do not solve it algebraically. We may test the assertion that x is between 1.47 x10° m and 
1.48 x 10° m by substituting both of these as trial solutions, along with the following data: 

M; -1.991 x10? kg, Mp —5.983 x 10" kg, rp =1.496 x 10! m, and T = 1.000 yr =3.156 x 107 s. 


With x 21.47 x 10? m substituted into equation (1), we obtain 
6.052 x10? m/s? -185 x 10? m/s? «5.871x10? m/s? 

or  5.8868x10? m/s? 45.871x10? m/s? 

With x 21.48 x 10? m substituted into the same equation, the result is 
6.053 x10? m/s? -182x10 m/s? ~ 5.8708x10? m/s? 

or  58709x10? m/s? 45.8708x10? m/s?. 


Since the first trial solution makes the left-hand side of equation (1) slightly less than the right hand 
side, and the second trial solution does the opposite, the true solution is determined as between the 
trial values. To three-digit precision, it is 1.48 x 10? m. 


As an equation of fifth degree, equation (1) has five roots. The Sun-Earth system has five Lagrange 
points, all revolving around the Sun synchronously with the Earth. The SOHO and ACE satellites 
are at one. Another is beyond the far side of the Sun. Another is beyond the night side of the Earth. 
Two more are on the Earth's orbit, ahead of the planet and behind it by 60*. Plans are under way to 
gain perspective on the Sun by placing a spacecraft at one of these two co-orbital Lagrange points. 
The Greek and Trojan asteroids are at the co-orbital Lagrange points of the Jupiter-Sun system. 
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P13.48 The acceleration of an object at the center of the Earth due Barth Moon 
to the gravitational force of the Moon is given by f N 


MmMoon d Re 
e NV Q 
My 


At the point A nearest the Moon, a,=G | 


m d >| 


FIG. P13.48 


"m 2GMyr 


Ford»»r, FE 


-111x10 5 m/s? 


Ag 2Aa 2.22x10~ m/s? _ 


7 
CE RUE. 2.26 x10 


Across the planet, 


*P13.49 Energy conservation for the two-sphere system from release to contact: 


(a) The injected impulse is the final momentum of each sphere, 


12 1/2 
mo = m”? Gn > d = ow; =| ; 
2r R 2r R 


(b) If they now collide elastically each sphere reverses its velocity to receive impulse 


1 1)” 
mo —(—mo)- 2mv =| 2 ew 
2r R 


P13.50 Momentum is conserved: 
IV; + MgVoj = TV; + Vy 
0 = Myvi; + 2Mv > 
be T3 f 
Energy is conserved: 


(K+U);+AE=(K+U), 


Gm mM, 1 2 1 2 Gmm, 
+0 =m Vis +> MV 
7 2m *ymaos, r; 


GM(2M 2 GM(2M 
(2M) 1 rem (ao, | (2M) 
12R 2 2 2 4R 


2 IGM 1. [1 Jem 
"fU SV R 725 73 AF" 3A R 


0 


Mo}; + 


P13.51 


P13.52 


*P13.53 


(a) 


(b) 


(a) 


(b) 


(c) 


(a) 


(b) 


(c) 
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2 
2 1.25x10Ó m/s 
a st RUD =| 10.2 m/s? f 
i 1.53x10 m ý Star 
v 
diff = 10.2- 9.90 = 0.312 m/s” ae C 
r n E, 
2 11, V2 \ 
(0.312 m/s*)(1.53 x10"! m) : 
M= E zz =| 110x10” kg 
6.67 x10 N-m?/kg FIG. P13.51 


The free-fall acceleration produced by the Earth is g = SME =GM,r ? (directed downward) 
T 


Its rate of change is hi -GMj(C2)y ? =-2GM,r®. 
4 

The minus sign indicates that g decreases with increasing height. 
d 

At the Earth's surface, iu fum eM: 
dr Rè 


For small differences, 


ls] _ |As] 26M; 
Ar h RÈ 


| 26Mgi 


Thus, |Ag] m 
E 


2(6.67 x10 N-m?/kg? (5.98 x10% ke (6.00 
|Ag|= Ga aa ea s) m. 185x10? m/s? 


(6.37 «105 mJ 


Each bit of mass dm in the ring is at the same distance from the object at A. The separate 


PEN Gmdm 
contributions — 


GmM ying 
to the system energy add up to -—————. When the object is at A, 
T 


this is 


E -11 xp Tm 
667 x10 7 N-m^1000kg236x10" kg |. aT] 


kg? Ji x10* m) +(2x10ë mJ" 


When the object is at the center of the ring, the potential energy is 


6.67 x10 1! N-m* 1 000 kg 2.36x10? kg — 


-1.57 x 10? J |. 
kg?1x10? m J 


Total energy of the object-ring system is conserved: 
(K+U,) =(K+U,), 
do d 2 5 
0-7.04 x10" J= 24 000 kgog -1.57 x 10° J 


4 51/2 
2x 8.70 x 104 J 
P i 1000 kg 7 


13.2 m/s 
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P13.54 To approximate the height of the sulfur, set 
mo? GM 


vy n Ht h = 70000 m Sn sgn? m/s* 


V=J2Q jh v = ,{2(1.79)(70 000) + 500 m/s (over 1000 mi/h) 


A more precise answer is given by 
1 5» GMm GMm 
2 "n Tz 


1 | 1 1 
3? 7 (667 x10" (aso D Er x10 189x109 oe me) 


P13.55 From the walk, 2zr = 25 000 m. Thus, the radius of the planet is r = TET =3.98 x10 m 
m 


From the drop: Ay= se = = 8(29.2 s) =1.40 m 


SO, g- 1400). 48 107 m/s? - 
(29.2 s) 


MG 


Lu .M=| 7.79 x10) kg 


*P13.56 The distance between the orbiting stars is d = 2r cos30°= 3r since 


V3 


cos 30° = Ex The net inward force on one orbiting star is 


2 
T cos 30°+ Min cos30°= T 
T 
Gm2cos30° GM  4z?r? 
4 = 
3r? r? rT? 


B 
3 
d 
w 
© 


T? = 
G(M +2) 
1/2 e 
3 
T-24| — —— FIG. P13.56 
G(M +2) 


P13.57 For a 6.00 km diameter cylinder, r = 3 000 m and to simulate 1g = 9.80 m/ m 


Q- $&- 0.057 2 rad/s 
r 


1 rev 


The required rotation rate of the cylinder is 110 
S 


(For a description of proposed cities in space, see Gerard K. O'Neill in Physics Today, Sept. 1974.) 
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mu ke-m- 2 3 
P13.58 (a) G has units Ñ > = RD z zi 
kg s“ -kg s^- kg 


3 
and dimensions [G] = 2; 
T-M 


The speed of light has dimensions of [c] = E, and Planck’s constant has the same dimensions 


M-L? 
as angular momentum or [h] = T 


We require [G?cth" | - L, or "T ?rw r^r "Mt T" =L'M°T°. 


Thus, 3p * q* 2r -1 
-àp-q-rz0 
—p+r=0 
which reduces (using r = p) to 3p+q+2p=1 
-2p-q-p=0 


These equations simplify to 5p+q=1 and q =-3p. 


Then, 5p -3p =1, yielding Pl q= -=, and r - 


Therefore, Planck length =| G?c 325? |. 


6) — (667x107) (5105) "^ (6.63 x10)" - (164x109) 2405x109 m[-10* m 


1 Gm,mg 
P13.59 5 MoPese = x 
26m, 
Uesc — EC 


So, Vege ER. 
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*P13.60 For both circular orbits, 4 
E R 
P 
GM,;m mv? "4 = d S 
$ F=ma: e an a a \ 
r r / S ROW 
- | 200) i 
ds E p^ 2 | 
r 
FIG. P13.60 


(6.67 x10. N-m?/kg?)(5.98 x10% kg) 


(a) The original speedis v; = =| 7.79x10° m/s |. 
owe | (6.37 x 10* m+2x10° m) / 


(667 x10. N-m?/kg?)(5.98 x10% kg) 


(b) The final speed is v= =| 7.85 x10? m/s |. 
d (6.47 x 10° m) 1 


The energy of the satellite-Earth system is 


2 GMigm 1, GMy GMp GM gm 
T 2 T T 2r 


K+U Ele 
E 2 


6.67 x10. N -m?/kg?)(5.98 x10% kg (100 k 
(c) Originally ^ E, | ” RE I i sy E -8.04 x 10? J |. 
2(6.57 x 105 m) 


6.67 x10 N:m?/kg? (5.98 x10% kg (100 k 
(d) Finally E, i uL. i : sj 8 ~3.08 x 10? J |. 
2(6.47 x 10° m) 


(e) Thus the object speeds up as it spirals down to the planet. The loss of gravitational energy is 
so large that the total energy decreases by 


E; -E, 2 -3.04x 10? J- (-3.08 10? J) - | 4.69 x 10" J |. 


(f) The only forces on the object are the backward force of air resistance R, comparatively very 
small in magnitude, and the force of gravity. Because the spiral path of the satellite is not 


perpendicular to the gravitational force, | one component of the gravitational force | pulls 


forward on the satellite to do positive work and make its speed increase. 


P13.61 


P13.62 


(a) 


(b) 


(a) 


(b) 


(c) 
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At infinite separation U 2 0 and at rest K 2 0. Since energy of the two-planet system is 
conserved we have, 


2 Gmm, 


1 2 1 
0-—m,v-—m 1 
2 101 2 272 d (1) 
The initial momentum of the system is zero and momentum is conserved. 
Therefore, 0-2 m4v, -MV3 (2) 
Combine equations (1) and (2: | vj =m, £ and V, =M] ze 
d(m, +m) d(m, +m) 
2G(m, +m 
Relative velocity v, =v; -(-v;)- ( : 2) 


Substitute given numerical values into the equation found for v, and v, in part (a) to find 


vı 2103x10* m/s and =v, = 2.58x10° m/s 


Therefore, Kı mel = 1.07 x 10? J and — K,=—my,v3 =| 267x10?! J 


The net torque exerted on the Earth is zero. Therefore, the angular momentum of the Earth 
is conserved; 


r. 
mr,0, = MT V, and v, =V; |= (3.027 x 104 mys) Fo" | =| 2.93 x10* m/s 
f 1.521 


ü 


Ke i" = 5(5.98 x 10?* (3.027 x 104) =| 274x10% J 


ENT (6.673 x 10 5.98 x 10™ (1.99 x 10) Siren 


4 Ty 1.471 x10" 


Using the same form as in part (b), K, =| 2.57 x 10? J | and U, =| -5.22 x10% J |. 


Compare to find that K, +U, =| -2.66 x 10° J | and K, +U, =| -2.65 x 10” J |. They agree. 
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P13.63 (a) The work must provide the increase in gravitational energy 
W-AU, =U, sug 
GM;M, GM;M, 
+ 


rf 1; 
GM;M, GM;M, 
+ 
Rety Re 
-mM P-z 
Re Rety 
-11 2 
zl SM ; SERT (5.98 x10” kg (100 «Y : - : - 
kg 637x10 m 7.37x10° m 
W =| 850 MJ 
(b) In a circular orbit, gravity supplies the centripetal force: 
GM;M, Mp’ 
(Re+y) (Rety) 
GMEM 
Then, T M,v? = l zen 
2 2 (Reg +y) 


So, additional work = kinetic energy required 


_ 1 (6.67 «10-1 N-m?)(5.98 x 10% kg)(100 kg) 
2 (kg?)(7.37 x 10° m) 


AW =| 2.7110? J 


P13.64 X Centripetal acceleration comes from gravitational acceleration. 
v MG 4x? 
T r’ I 
GM,T? - 4z?r? 


(6.67 107! 20y(1.99 x 10% 5.00 10" = 4r 


Topit =| 119 km 


2730000 x 9.46 x10? m 
P165 (à  T-27. : mane s=| 2x108 yr 
v 2.50 x10° m/s 


a A" (30 000 x 9.46 x 1075 m)” 
- x = 2.66 x10"! kg 


(b) 2 2 
GT? (667x107 N-m?/kg? (713x107 s) 


M 21.34 x 10! solar masses| — 10! solar masses 


The number of stars is | on the order of 10"! |. 


| 


P13.66 


(a) 


(b) 


(d) 


(e) 


Chapter 13 
From the data about perigee, the energy of the satellite-Earth system is 


(1.60)(8.23 x 10°)" (6.67 x 107" (5.98 x 10% \(1.60) 


1. GMgm 1 
5 2 7.02 x 106 


E "dd 


or E=| -3.67x107 J 


L = mor sin 8 = mv „r, sin 90.0°= (1.60 kg)(8.23 x 10° m/sJ(7.02 x 10° m) 


=| 9.24x10" kg m? /s 


407 


Since both the energy of the satellite-Earth system and the angular momentum of the Earth 


are conserved, 


2 GMm | 


1 
at apogee we must have 2100 = E 


Ta 


and mo,r, sin90.0°= L. 


(6.67 x 10™ (5.98 x 10% \(1.60) 


Thus, 5 0.6002 - 8.67 x 107 J 
Ts 
and (1.60 kg)v,r, 29.241x10 kg m? /s. 
6.67 x 10 !! (5.98 x 10% (1.60)(1.60)v, 
Solving simultaneously, lü oy, , | I ‘) =~3,67 x 107 
2 9.24 x 10 
which reduces to 0.80002 — 11 046v, + 3.6723 x 107 - 0 


11046 + (a 046)” — 4(0.800)(3.6723 x 10") 
2(0.800) 


so ý= 


This gives v, =8 230 m/s or | 5580 m/s |. The smaller answer refers to the velocity at the 


apogee while the larger refers to perigee. 


10 2 
Thus, jae kem [oxi ml 


m0, (L60kg)(558x10? m/s) 


The major axis is 24 =r, +r,, so the semi-major axis is 


a=5(7.02x10° m4 1.04x 107 m)- 8.69 x 10° m 


Mar Ax? (8.69 10° mJ" 
GMp (667x107 N-m?/kg?(5.98 x10% kg) 


T 28060 s =| 134 min 


408 
*P13.67 


*P13.68 


P13.69 
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Let m represent the mass of the meteoroid and v; its speed when far away. f A E E 
No torque acts on the meteoroid, so its angular momentum is conserved as e 
it moves between the distant point and the point where it grazes the Earth, 


moving perpendicular to the radius: 


FIG. P13.67 
LL MY; XV; = M0, XV ¢ 
Uf =30; 


Now energy of the meteoroid-Earth system is also conserved: 


1 1» GMgm 


(K «u,), =(K+U,) gi +0= Smo; B 


s 


1 2-1 (99?) GM; 


Rg 
GM [GM 
EE E = 492: 0; = "m 
E E 


From Kepler's third law, minimum period means minimum orbit size. The "treetop satellite" in 
Figure P13.35 has minimum period. The radius of the satellite's circular orbit is essentially equal to 
the radius R of the planet. 


GMm mo? m (28) 
S F=ma: z= = 
R R RUT 
" R'(az?R?) 
7A Xo. uh 
ý RT? 
2p3 
Gof SR’ | = ball A 
3 T 
The radius divides out: T?Gp =37 T-S = 
p 


If we choose the coordinate of the center of mass at the origin, then 


Mr, -mr 
0= Mwn) and Mr, =m 
M+m 
(Note: this is equivalent to saying that the net torque must be zero and 
the two experience no angular acceleration.) For each mass F = ma so 


2 MGm 3 MGm 
TD Ig eg. ned m FIG. P13.69 

NT . . : 2 (M+m)G 
Combining these two equations and using d =r; +r, gives (rj +1 )o* = INT A 
with @; =@,=@ 
and T = m 

o 
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we find | T? = E 


G(M +m) | 


P13.70 


P13.71 


(a) 


G 
M782 = 7) 


MM 


acceleration of the Earth. The acceleration of relative approach is then 


(b) 


(6.67 x10. N-m?/kg? (5.98 x 10™ kg) 


§2 = 2 ` 


T 


(1.20 x10” m 


accelerates toward m, with an acceleration given as 


Gmm, 


181 2 


81 


Gm, (667x107! N-m?/kg? (200 x10% kg) 


r? 


(1.20 x 107 mJ 


The distance between the masses closes with relative acceleration of 


Srel = 81 +82 = 0.926 m/s? +2.77 m/s? E 


Initial Conditions and Constants: 


Mass of planet: 5.98 x 10™ kg 
Radius of planet: 6.37 x 10° m 
Initial x: 0.0 planet radii 
Initial y: 2.0 planet radii 
Initial 9, : +5 000 m/s 
Initial 0 : 0.0 m/s 
Time interval: 10.9s 
t (s) x (m) y (m) 
0.0 0.0 12 740 000.0 
10.9 54 315.3 12 740 000.0 
21.7 108 629.4 12739 710.0 
32.6 162 941.1 12739 130.0 
5431.6 112843.8 -8 466 816.0 
5 442.4 311214 -8 467 249.7 
5 453.3 -50 603.4 -8 467 026.9 
5464.1 -132 324.3 -8 466 147.7 
10841.3 -108629.0 127391344 
10 852.2 -54 314.9 127397134 
10 863.1 0.4 12 740 002.4 
The | object does not hit the Earth 


Its period is 


1.09 x 104 s 


r (m) 


12 740 000.0 
12740 115.8 
12740 173.1 
12 740 172.1 


8 467 567.9 
8 467 306.9 
8 467 178.2 
8 467 181.7 


12 739 597.5 
12 739 829.2 
12 740 002.4 


; its minimum radius is 


Ux 
(m/s) 


5 000.0 
4 999.9 
4 999.7 
4 999.3 


-7 523.0 
-7 523.2 
-7 522.8 
-7 521.9 


4999.9 
5 000.0 
5 000.0 


198K al, 


. A circular orbit would require a speed of 


Chapter 13 


=| 2.77 m/s? : 


Again, m, accelerates toward the center of mass with g, = 2.77 m/ s?. Now the Earth 


- 0.926 m/s? 


3.70 m/s? A 


FIG. P13.71 
v, ay 

(m/s) (m/ s?) 
0.0 0.000 0 
-26.7  -0.0100 
—53.4 | -0.0210 
-80.1 | -0.0310 
-89.9  -0.0740 
20.5  -0.0200 
80.9 0.033 0 
141.4 0.087 0 
53.3 0.021 0 
26.6 0.010 0 
-0.1 0.000 0 


5.60 km/s |. 
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The gravitational force exerted on m, by the Earth (mass m,) accelerates m, according to: 


. The equal magnitude force exerted on the Earth by m, produces negligible 
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Universal Gravitation 


ANSWERS TO EVEN PROBLEMS 


P13.2 


P13.4 


P13.6 


P13.8 


P13.10 


P13.12 


P13.14 


P13.16 


P13.18 


P13.20 


P13.22 


P13.24 


P13.26 


P13.28 


P13.30 


P13.32 


P13.34 


P13.36 


P13.38 


2.67 x107. m/s? 
3.00 kg and 2.00 kg 


(a) 4.39 x10? N toward the Sun; 
99 x toward the Earth; 
1.99 x10? N d the Earth 

(c) 3.55 x10? N toward the Sun 


see the solution; either 1 m -61.3 nm or 
2.74x10 4 m 


2 


3 

(a) 1.02 km/s; (b) 1.35 mm 
see the solution 

1.27 


Planet Y has turned through 
1.30 revolutions 


1.68 x10* rad/s 
18.2 ms 


(a) 1.31x10'” N toward the center; 
(b) 2.62x10? N/k 
8 


(a) -4.77 x 10° J; (b) 569 N down; 
(c) 569 N up 


2.52107 m 

2.82x10° J 

(a) see the solution; (b) 340 s 
(a) 42.1 km/s; (b) 2.20 x 10" m 


1.58 x10” J 


(a) 2z(Rg +h)?’ (GMg) ^; 
(b) (GMz) "(Rz +h); 

Ry +2h | 2x? R2m 
2R;(Re +h) | (86400 s)? 
The satellite should be launched from the 
Earth’s equator toward the east. 


() cen] 


P13.40 


P13.42 


P13.44 


P13.46 


P13.48 


P13.50 


P13.52 


P13.54 


P13.56 


P13.58 


P13.60 


P13.62 


P13.64 


P13.66 


P13.68 


P13.70 


(a) 10.0 m/s? ; (b) 21.8 km/s 
118 km/s 


GM şm 
12R; 


GM; 


12 

&) v= ; b) v; = — m; 
25r 

(c) ry = 

2.26 x107 

2 |GM 1 |GM 

3V R '3VR 

(a), (b) see the solution; 

(c) 1.85 x 10? m/s? 


492, m/s 
see the solution 
(a) G2 c3 242. (b) —10 m 


(a) 7.79 km/s; (b) 7.85 km/s;(c) -3.04 GJ; 
(d) —3.08 GJ; (e) loss = 46.9 MJ; 

(f) A component of the Earth's gravity 
pulls forward on the satellite in its 
downward banking trajectory. 


(a) 29.3 km/s; (b) K, = 274x107 J; 
U, — 55.40 x 10? J;(c) K, = 2.57 x 10? J; 
U, — —5.22x10? J; yes 


119 km 
(a) -36.7 MJ; (b) 9.24x10'? kg-m?/s; 
(c) 5.58 km/s; 10.4 Mm; (d) 8.69 Mm; 
(e) 134 min 


see the solution 


(a) 277 m/s”; (b) 3.70 m/s? 


Q14.3 


Q14.4 


Q14.5 


Q14.6 


Q14.7 


Fluid Mechanics 


ANSWERS TO QUESTIONS 


Q14.1 The weight depends upon the total volume of glass. The 
pressure depends only on the depth. 


Q14.2 Both must be built the same. The force on the back of each dam 
is the average pressure of the water times the area of the dam. 
If both reservoirs are equally deep, the force is the same. 


FIG. Q14.2 


If the tube were to fill up to the height of several stories of the building, the pressure at the bottom of 
the depth of the tube of fluid would be very large according to Equation 14.4. This pressure is much 
larger than that originally exerted by inward elastic forces of the rubber on the water. As a result, 
water is pushed into the bottle from the tube. As more water is added to the tube, more water 
continues to enter the bottle, stretching it thin. For a typical bottle, the pressure at the bottom of the 
tube can become greater than the pressure at which the rubber material will rupture, so the bottle 
will simply fill with water and expand until it bursts. Blaise Pascal splintered strong barrels by this 
method. 


About 1 000 N: that's about 250 pounds. 


The submarine would stop if the density of the surrounding water became the same as the average 
density of the submarine. Unfortunately, because the water is almost incompressible, this will be 
much deeper than the crush depth of the submarine. 


Yes. The propulsive force of the fish on the water causes the scale reading to fluctuate. Its average 
value will still be equal to the total weight of bucket, water, and fish. 


The boat floats higher in the ocean than in the inland lake. According to Archimedes's principle, the 
magnitude of buoyant force on the ship is equal to the weight of the water displaced by the ship. 
Because the density of salty ocean water is greater than fresh lake water, less ocean water needs to 
be displaced to enable the ship to float. 
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Q14.8 


Q14.9 


Q14.10 


Q14.11 


Q14.12 


Q14.13 


Q14.14 


Q14.15 


Q14.16 


Q14.17 


Q14.18 


Q14.19 


In the ocean, the ship floats due to the buoyant force from salt water. Salt water is denser than fresh 
water. As the ship is pulled up the river, the buoyant force from the fresh water in the river is not 
sufficient to support the weight of the ship, and it sinks. 


Exactly the same. Buoyancy equals density of water times volume displaced. 


At lower elevation the water pressure is greater because pressure increases with increasing depth 
below the water surface in the reservoir (or water tower). The penthouse apartment is not so far 
below the water surface. The pressure behind a closed faucet is weaker there and the flow weaker 
from an open faucet. Your fire department likely has a record of the precise elevation of every fire 
hydrant. 


As the wind blows over the chimney, it creates a lower pressure at the top of the chimney. The 
smoke flows from the relatively higher pressure in front of the fireplace to the low pressure outside. 
Science doesn’t suck; the smoke is pushed from below. 


The rapidly moving air above the ball exerts less pressure than the atmospheric pressure below the 
ball. This can give substantial lift to balance the weight of the ball. 


The ski-jumper gives her body the shape of an airfoil. She 
deflects downward the air stream as it rushes past and it 
deflects her upward by Newton’s third law. The air exerts 
on her a lift force, giving her a higher and longer trajectory. 
To say it in different words, the pressure on her back is less 
than the pressure on her front. 


FIG. Q14.13 


The horizontal force exerted by the outside fluid, on an area element of the object's side wall, has 
equal magnitude and opposite direction to the horizontal force the fluid exerts on another element 
diametrically opposite the first. 


The glass may have higher density than the liquid, but the air inside has lower density. The total 
weight of the bottle can be less than the weight of an equal volume of the liquid. 


Breathing in makes your volume greater and increases the buoyant force on you. You instinctively 
take a deep breath if you fall into the lake. 


No. The somewhat lighter barge will float higher in the water. 


The level of the pond falls. This is because the anchor displaces more water while in the boat. A 
floating object displaces a volume of water whose weight is equal to the weight of the object. A 
submerged object displaces a volume of water equal to the volume of the object. Because the density 
of the anchor is greater than that of water, a volume of water that weighs the same as the anchor will 
be greater than the volume of the anchor. 


The metal is more dense than water. If the metal is sufficiently thin, it can float like a ship, with the 
lip of the dish above the water line. Most of the volume below the water line is filled with air. The 
mass of the dish divided by the volume of the part below the water line is just equal to the density of 
water. Placing a bar of soap into this space to replace the air raises the average density of the 
compound object and the density can become greater than that of water. The dish sinks with its 
cargo. 


Q14.20 


Q14.21 


Q14.22 


Q14.23 


Q14.24 


Q14.25 


Q14.26 


Q14.27 


Q14.28 


Q14.29 


Q14.30 


Q14.31 
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The excess pressure is transmitted undiminished throughout the container. It will compress air 
inside the wood. The water driven into the wood raises its average density and makes if float lower 
in the water. Add some thumbtacks to reach neutral buoyancy and you can make the wood sink or 
rise at will by subtly squeezing a large clear-plastic soft-drink bottle. Bored with graph paper and 
proving his own existence, René Descartes invented this toy or trick. 


The plate must be horizontal. Since the pressure of a fluid increases with increasing depth, other 
orientations of the plate will give a non-uniform pressure on the flat faces. 


The air in your lungs, the blood in your arteries and veins, and the protoplasm in each cell exert 
nearly the same pressure, so that the wall of your chest can be in equilibrium. 


Use a balance to determine its mass. Then partially fill a graduated cylinder with water. Immerse the 
rock in the water and determine the volume of water displaced. Divide the mass by the volume and 
you have the density. 


When taking off into the wind, the increased airspeed over the wings gives a larger lifting force, 
enabling the pilot to take off in a shorter length of runway. 


Like the ball, the balloon will remain in front of you. It will not bob up to the ceiling. Air pressure 
will be no higher at the floor of the sealed car than at the ceiling. The balloon will experience no 
buoyant force. You might equally well switch off gravity. 


Styrofoam is a little more dense than air, so the first ship floats lower in the water. 


We suppose the compound object floats. In both orientations it displaces its own weight of water, so 
it displaces equal volumes of water. The water level in the tub will be unchanged when the object is 
turned over. Now the steel is underwater and the water exerts on the steel a buoyant force that was 
not present when the steel was on top surrounded by air. Thus, slightly less wood will be below the 
water line on the block. It will appear to float higher. 


A breeze from any direction speeds up to go over the mound and the air pressure drops. Air then 
flows through the burrow from the lower entrance to the upper entrance. 


Regular cola contains a considerable mass of dissolved sugar. Its density is higher than that of water. 
Diet cola contains a very small mass of artificial sweetener and has nearly the same density as water. 
The low-density air in the can has a bigger effect than the thin aluminum shell, so the can of diet 
cola floats. 


(a) Lowest density: oil; highest density: mercury 
(b) The density must increase from top to bottom. 


(a) Since the velocity of the air in the right-hand section of the pipe is lower than that in the 
middle, the pressure is higher. 


(b) The equation that predicts the same pressure in the far right and left-hand sections of the 
tube assumes laminar flow without viscosity. Internal friction will cause some loss of 
mechanical energy and turbulence will also progressively reduce the pressure. If the 
pressure at the left were not higher than at the right, the flow would stop. 
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Q14.32 


Clap your shoe or wallet over the hole, or a seat cushion, or your hand. Anything that can sustain a 
force on the order of 100 N is strong enough to cover the hole and greatly slow down the escape of 
the cabin air. You need not worry about the air rushing out instantly, or about your body being 
"sucked" through the hole, or about your blood boiling or your body exploding. If the cabin pressure 
drops a lot, your ears will pop and the saliva in your mouth may boil—at body temperature—but 
you will still have a couple of minutes to plug the hole and put on your emergency oxygen mask. 
Passengers who have been drinking carbonated beverages may find that the carbon dioxide 
suddenly comes out of solution in their stomachs, distending their vests, making them belch, and all 
but frothing from their ears; so you might warn them of this effect. 


SOLUTIONS TO PROBLEMS 


Section 14.1 Pressure 


P14.1 


P14.2 


P14.3 


P14.4 


P14.5 


M = Piron Y - (7860 kg/m? ERE 0 m) 


M - [0111 kg 


The density of the nucleus is of the same order of magnitude as that of one proton, according to the 
assumption of close packing: 


1.67 x1077 k 
pox E $ — 1075 kg/m? f 


V ia(1075 m) 


With vastly smaller average density, a macroscopic chunk of matter or an atom must be mostly 
empty space. 


F 50.0(9.80) 


P= = 
A (0.500 x 10?) 


z;-|624x105 N/m? 


F 
Let F, be its weight. Then each tire supports ri 
pel oie 
A 4A 
yielding F, = 4AP = 4(0.0240 m? )(200x10° N/m?) =| 192x10* N 


so 


The Earth’s surface area is 4zR?. The force pushing inward over this area amounts to 
F-RA- Py(4aR?). 

This force is the weight of the air: 
F, 2 mg = Pi(47R?) 


so the mass of the air is 


P,(42R?) (1.013 x 10° N/m?) 42(6.37 10° mJ 
n 2 xo 9.80 m/s? = [5.271077 Kg] 


Chapter14 415 


Section 14.2 Variation of Pressure with Depth 


P14.6 (a) = P= Py + pgh=1.013x 10° Pa+(1024 kg/m?)(9.80 m/s?)(1000 m) 


P=| 101x107 Pa 


(b) The gauge pressure is the difference in pressure between the water outside and the air 
inside the submarine, which we suppose is at 1.00 atmosphere. 


Page = P- Py = pgh 2 100 x 107 Pa 


The resultant inward force on the porthole is then 


F = PyyeeA = 1.00 x 107 Pa| (0.150 m)’ |= 7.09 x 10° N |. 


gauge 
P14.7 Fa = Fguia or kx = pghA å F 
ki Vacuum | 
and h=—— 
pga 
(1000 N/m?)(5.00 x 10° m) 
57 =| 1.62 m 
(10° kg/m? (9.80 m/s? J (1.00 x107 m) | 
FIG. P14.7 
: : ; hE _ b 
P14.8 Since the pressure is the same on both sides, PAFA 
1 2 
In this case, A9 000 m Or F, =| 225 N 
200 3.00 


P14.9  F,-800kg(9.80 m/s?) -784N 


When the cup barely supports the student, the normal force of the 
ceiling is zero and the cup is in equilibrium. 


F, =F=PA= (1.013 x105 Pa)A 


F 
zeo [774x103 m? 
P 1.013 x10 
FIG. P14.9 
P14.10 (a) Suppose the “vacuum cleaner” functions as a high-vacuum pump. The air below the brick 


will exert on it a lifting force 


F = PA =1.013 x107 Pal x(1.43 x10? mJ =| 65.1N |. 


(b) The octopus can pull the bottom away from the top shell with a force that could be no larger 
than 


F=PA=(P, + pgh)A= [1.013 x10° Pa « (1030 kg/m? 9.80 m/s? (32:3 )| z(145 x10 m) | 


F=) 275 N 
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P14.11 The excess water pressure (over air pressure) halfway down is 


Prauge = PSH = (1000 kg/m? (9.80 m/s*)(1.20 m) = 1.18 x 10* Pa. 


The force on the wall due to the water is 


F = PraugeA = (1.18 x 10* Pa}(2.40 m)(9.60 m) =| 2.71x10° N 


horizontally toward the back of the hole. 


P14.12 The pressure on the bottom due to the water is D, = pgz = 1.96 x 10* Pa 


So, F, = P,A =| 5.88x105 N 
On each end, F = PA =9.80 x10? Pa(20.0 m?) - [196 kN 
On the side, F- PA -9.80 x 10? Pa(60.0 m?) -[588 kN 


P14.13 In the reference frame of the fluid, the cart's acceleration causes a fictitious force to act backward, as if 


the acceleration of gravity were 4 2? +a” directed downward and backward at 0 = tan ! (s) from the 
8 


vertical. The center of the spherical shell is at depth i below the air bubble and the pressure there is 


1 
P= P) + p&egh= Py +5 pays? +a? s 


P1414 The air outside and water inside both exert atmospheric pressure, 
so only the excess water pressure pgh counts for the net force. Take 


a strip of hatch between depth h and h+dh. It feels force E 
dF = PdA = pgh(2.00 m)dh. 
EN 
(a) The total force is "d 
2.00 m 
F-[|dF- f pgh(2.00 m)dh FIG. P14.14 
h=1.00 m 
2 200m 
2.00 
F = pg(2.00 ma - (1000 kg/m*)(9.80 m/s? O [2.00 m)? - (1.00 m] 
1.00 m 


F =| 29.4 kN (to the right) 


(b) The lever arm of dF is the distance (4—1.00 m) from hinge to strip: 


2.00 m 
r=fdr=  [pgh(2.00 m\(h-1.00 m)dh 
h=1.00 m 
p3 "m 2.00m 
t = pg(2.00 m) — - (1.00 m)— 
| 3 2 M 


r - (1000 kg/m? (9.80 m/s? 2.00 zl 700m? 300m? ) 


2 


T =| 16.3 kN -m counterclockwise | 


P14.15 
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The bell is uniformly compressed, so we can model it with any shape. We choose a sphere of 
diameter 3.00 m. 

The pressure on the ball is given by: P = Piim + p, gh so the change in pressure on the ball from 
when it is on the surface of the ocean to when it is at the bottom of the ocean is AP = p, gh. 

In addition: 


-VAP... pughV Az, ghr? 
B B 3B 


Az(1030 kg /m*)(9.80 20000 m)(1.50 m)? 
V= al Je Eg Ey = -0.010 2 m? 
(3)(14.0 x 10? Pa) 


AV 


, Where B is the Bulk Modulus. 


Therefore, the volume of the ball at the bottom of the ocean is 
cd 3 $ 3 8 - 3 
V-AV= 5 m(1.50 m) —0.010 2 m^ 214137 m^ - 0.0102 m^ = 14.127 m". 


This gives a radius of 1.499 64 m and a new diameter of 2.999 3 m. Therefore the diameter decreases 
by | 0.722 mm |. 


Section 14.3 Pressure Measurements 


P14.16 


P14.17 


(a) We imagine the superhero to produce a perfect vacuum in the straw. Take point 1 at the 
water surface in the basin and point 2 at the water surface in the straw: 


P, + pgy1 = Py + P8Y2 


1.013 x10° N/m? +0=0+(1000 kg/m°)(9.80 m/s?)y; y, =| 10.3 m 
(b) No atmosphere can lift the water in the straw through | zero | height difference. 
Po = pgh | 
Py _ 10.13 x 10? Pa oem 


£& (0.984% 10° kg/m?)(9.80 m/s?) 


= 


No. Some alcohol and water will evaporate. | The equilibrium 


vapor pressures of alcohol and water are higher than the vapor i 


pressure of mercury. niu 


FIG. P14.17 
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P148 (a) Using the definition of density, we have Ap Ap Ap A, 


m water 


100 g 
= = =| 20.0 cm 
A2Pwater 5.00 cm?(1.00 g/cm?) Jome Í 


w 


(b) Sketch (b) at the right represents the situation after 
the water is added. A volume (A,h,) of mercury 


y Mercury b 


has been displaced by water in the right tube. The 
additional volume of mercury now in the left tube (a) (b) 
is A,h. Since the total volume of mercury has not 
changed, FIG. P14.18 
Ajh,  Aih Or h, EIU. (1) 
A 


At the level of the mercury—water interface in the right tube, we may write the absolute 
pressure as: 
P=Py + Pwater8hw 


The pressure at this same level in the left tube is given by 
P=Py + Pugg(ht+ hy) = Py + Pwater8 wy 
which, using equation (1) above, reduces to 
A 
pol + A = P ael 
2 


P water hy 


h= ; 
M plit) 


(1.00 g/cm? yaoo cm) 7 
(13.6 g/cm? ya + i) 


0.490 cm 


Thus, the level of mercury has risen a distance of h = 


above the original level. 


P1419  AD,—-pogA^h--2.66x10? Pa: P=P)+AP, -(1013—0.026 6) x10? Pa =| 0.986 x 10? Pa 


P14.20 Leth be the height of the water column added to the right 
side of the U-tube. Then when equilibrium is reached, the 
situation is as shown in the sketch at right. Now consider 
two points, A and B shown in the sketch, at the level of the 
water-mercury interface. By Pascal's Principle, the absolute 
pressure at B is the same as that at A. But, 


Pa = Po + Pw8h+ puggh; and 
Pg = Py + Pyg(hy - ha h;). 


Thus, from P4 = Ps, p, + ph * p.h; = Puht paghi, or 


FIG. P14.20 


hy -|2 zm 1s - aae 1)(1.00 cm) - [12.6 cm |. 
Pw 


*P14.21 (a) 


(b) 


(c) 


Section 14.4 
P1422 (a) 


(b) 
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The gauge pressure is 


P- P, = pgh =1 000 kg(9.8 m/s? (0.160 m) =| 1.57 kPa |- 1.57 x 10? Pa 
S g 


=| 0.0155 atm |. 


It would lift a mercury column to height 


P-P 1568 P 
ja s epg n =|11.8 mm |. 


Pg (13.600 kg/m? (9.8 m/s?) 


1atm 
1.013 x 10? Pa 


Increased pressure of the cerebrospinal fluid will raise the level of the fluid in the 


spinal tap. 


Blockage of the fluid within the spinal column or between the skull and the spinal 
column would prevent the fluid level from rising. 


Buoyant Forces and Archimede's Principle 


The balloon is nearly in equilibrium: 
LF, = mag Eg (elan = (E) esa = 

or Pair8 V E PheliumSV B M payload & =0 

This reduces to 


M payload = (Pair — Phelium )V = (1.29 kg/m? -0.179 kg/m? (400 m?) 
M payload = | 444 kg | 
Similarly, 
M payload = (Pair — Phydrogen |V =(1.29 kg/m? -0.0899 kg/m? (400 m?) 
M payload =| 480 kg 


The air does the lifting, nearly the same for the two balloons. 


P14.23 At equilibrium `F =0 or E, mg = B de 


where B is the buoyant force. : 
The applied force, Epp =B- Mg 


where B=Vol(Pwater)& 


and m = (Vol) Pran: 


So, 


P14.24 F 


Since V = Ah, m + p, Ah = p„ Ah 


and A= 


FIG. P14.23 


4 
I T (Vol) 3(Pwater g Poan) = 3 ar? Z(O water E Poan) 


bs = a(1.90 x10? m) (9.80 m/s? (10? kg/m? -84.0 kg/m?)- [0258 N 


- (m * p,V)g must be equal to F, = p, Vg 


m psVg 


- p.)h 
(Pw = Ps) FIG. P14.24 
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P1425 (a) 
(b) 
*P14.26 (a) 
(e) 
(f) 


Before the metal is immersed: 


DF, =T, -Mg =0 or 
Ti =Mg = (1.00 kg)(9.80 m/s?) scale 


T T; 
After the metal is immersed: IN 
DF, =T, +B-Mg=0 or E sis 
T, = Mg -B - Mg - (p. V)g és 
M 1.00 kg 
p 2700 kg/m? á B 
This, FIG. P14.25 
T, = Mg -B- 9.80 N - (1000 kg/m?) LL (9.80 m/s?) =| 67 N ]. 
: 2700 kg/m? 
(b) DF, =0: -15N-10N+B=0 
B=25.0N 
(c) The oil pushes | horizontally inward | on each side of the block. 
FIG. P14.26(a) (d) String tension increases |. The oil causes the water below to be 


under greater pressure, and the water pushes up more strongly 
on the bottom of the block. 


Consider the equilibrium just before the string breaks: 15N 
-15 N-60N+25 N- Bj =0 
For the buoyant force of the water we have 60 N a Boi 
B= pVg 25 N - (1000 kg/m? )(0.25V,,,)9.8 m/s? 


FIG. P14.26(e) 
Vaca, = 1.02 x10 m? 


For the buoyant force of the oil 
50 N - (800 kg/m?)f, (1.0210? m?)9.8 m/s? 
fe =0.625 = 


-15 N + (800 kg/m*)f,(1.02x10* m?)o.8 m/s? =0 15N 
fj =0.187 - | 18.7% 


Boi 


FIG. P14.26(f) 


P14.27 


P14.28 


P14.29 


(a) 


(b) 


(c) 
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P= P) + gh 

Taking P) = 1.013 x10? N/m? and h=5.00 cm 

we find Pop 710179x10? N/m? 

For h=17.0 cm, we get Prot = 1.0297 x 10° N/m? 

Since the areas of the top and bottom are A = (0.100 m)? -10? m? 

we find Fop = P4 LOIZ93-10* N 

and Foot =| 1.0297 x10? N 

PERSEN FIG. P14.27 
where B= pyVg=(10° kg/m°)(1.20x10° m? (9.80 m/s?)=11.8 N 

and Mg =10.0(9.80) = 98.0 N 


Therefore, T = Mg -B = 98.0 -11.8 = | 86.2 N 


Fyot — Fig, = (10297 -1.017 9) x 10? N =| 11.8 N 
which is equal to B found in part (b). 


Consider spherical balloons of radius 12.5 cm containing helium at STP and immersed in air at 0°C 
and 1 atm. If the rubber envelope has mass 5.00 g, the upward force on each is 


B F; He F; env = Pair VS PHe V8 Meny& 


4 
E, = (Pair ue sar je LET 


Fp - [(129 - 0.179) kg/m? [572 m)? [9.80 m/s”) -5.00 x 10? kg(9.80 m/s”) = 0.040 1 N 


If your weight (including harness, strings, and submarine sandwich) is 


70.0 kg(9.80 m/s*) = 686 N 


686 N 


you need this many balloons: | —— — — - 17 000| ~ 10* |. 
0.0401 N 
(a) According to Archimedes, B = P water Vwaterg = (1.00 g / cm? J[20.0 x 20.0 x (20.0— h)|g 
But B= Weight of block = mg = Pwood Vwooa = (0.650 g/cm? (20.0 cm)? g 
0.650(20.0)? g = 1.00(20.0)(20.0)(20.0 — h)g 
20.0 — h = 20.0(0.650) so h = 20.0(1— 0.650) = | 7.00 cm 
(b) B =F, * Mg where M =mass of lead 


1.00(20.0)? g =0.650(20.0)° g + Mg 
M = (1.00 —0.650)(20.0)° = 0.350(20.0)* = 2800 g =| 2.80 kg 
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*P1430 (a) The weight of the ball must be equal to the buoyant force of the water: 


4 
1.26 keg = D water 3 Mouter8 


1/3 

1.26 k 

Touter = E 3 =| 6.70 cm 
471000 kg/m 


(b) The mass of the ball is determined by the density of aluminum: 


4 
m= pa - pu [smi m?) 
1.26 kg - 2700 kg/m? (5 z (0087 m) =r) 


111x10* m? 2 3:01x10 * m? - 7? 


1/3 
r; - (189x10* m°)” =| 5.74 cm 


*P14.31 Let A represent the horizontal cross-sectional area of the rod, which we presume to be constant. The 
rod is in equilibrium: 


> F; =0: —mg + B=0= =Po V whole rod& + Piia Vimmersed S 
PoALg = pA(L - h)g 
f SP Pol 
The density of the liquidis p= mex 


*P14.32 We use the result of Problem 14.31. For the rod floating in a liquid of density 0.98 g / cm’, 
B L 
P= po Y» 


L 
0.98 g/cm? =— 2L 
8/ (L —0.2 cm) 


0.98 g/cm? L- (0.98 g/cm? 0.2 cm pol. 
For floating in the dense liquid, 


Pol 
(L-1.8 cm) 


114 g/cm? -(1.14 g/cm?J1.8 cm= pol 


1.14 g/cm? = 


(a) By substitution, 
1.14L — 1.14(1.8 cm) = 0.98L — 0.2(0.98) 
0.16L = 1.856 cm 


L-|11.6 cm 


(b) Substituting back, 
0.98 g/cm? (11.6 cm- 0.2 cm) = p911.6 cm 


Po =| 0.963 g/cm? 


L 
(c) The marks are not equally spaced. Because p = 4 E 


3 is not of the form p= a+ bh, equal-size 


steps of p do not correspond to equal-size steps of h. 


P14.33 


P14.34 


P14.35 


P14.36 


P14.37 
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The balloon stops rising when (Pair — pu. )gV = Mg and (Pair ^ Pre )V =M, 


M | 400 
Pair —PHe 1.25e7! — 0.180 


Therefore, V= =| 1430 m? 


Since the frog floats, the buoyant force = the weight of the frog. Also, the weight of the displaced 
water = weight of the frog, so 


Pooze VS c^ Meroe § 


: m^) = (13510? kg/m) (6.00 x10? mJ 


1 
or Merog = Pooze V = Pooze 2 


Hence, mg;, =| 0.611 kg |. 


n. (Ey 
ur 
PH,08 > T Psphereg V 


1 B 
P sphere = 7PH =| 500 kg/m? 


4 
E v) P Psphere8 V =0 


FIG. P14.35 


P glycerin = ~ (500 kg/m?) =| 1250 kg/m’ 


Constant velocity implies zero acceleration, which means that the submersible is in equilibrium 
under the gravitational force, the upward buoyant force, and the upward resistance force: 


XE, =ma, =0 -(1.20x10* kg +m)g+p,,gV +1100 N=0 
where m is the mass of the added water and V is the sphere’s volume. 
11 
1.20 x 10* kg +m = 1.03 x 10°| $ (1.50) | ieee 
3 9.8 m/s 


so m=] 2.67x10° kg 


By Archimedes's principle, the weight of the fifty planes is equal to the weight of a horizontal slice of 
water 11.0 cm thick and circumscribed by the water line: 


AB= P water (AV) 
50(2.90 x 10* kg)g — (1030 kg/m? Jg(0.110 m)A 


giving A =| 1.28 x 10* m? |. The acceleration of gravity does not affect the answer. 
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Section 14.5 Fluid Dynamics 


Section 14.6 Bernoulli’s Equation 


P14.38 


P14.39 


*P14.40 


By Bernoulli's eens 


8.00 x 104 N/m? +— = (1000)? = 6.00x 104 N/m? +— (1 000)160" 


2.00 x 104 N/m? = H (1000)15v? 
v=1.63 m/s 


d i 
A = pAv=10002(5.00>% 10 2)" (1.63 m/s) = 


Assuming the top is open to the atmosphere, then 


Note P,=Pp. 
Flow rate = 2.50x 10° m?/min 2 417 x 10? m?/s. 
(a) A, >> A, so V1 << 05 


Assuming vı =0, 


2 
p + 


2 
5 
z * 88 = Pat 2 + pgya 


= 22.) ^ =[209. ay (16.0)] ^ 2 [177 m/s 


2 
(b) Flow rate = A5v; (5 Jorn - aaro m?/s 


d-2|173x10? m |2173 mm 


Take point © at the free surface of the water in the tank and ®© inside the nozzle. E 


1 
(a) With the cork in place P, + pgy, + gei = P, + PQY, + 3 becomes 


Py +1000 kg/m? 9.8 m/s? 7.5 m+0=P, «040; P, — P) -735x10* Pa. 


For the stopper > F, =0 
Fwater E ep =0 
f =7.35 x 104 Paz(0.011 m)? =| 27.9 N 


(b) Now Bernoulli's equation gives 


e 
MD. 


FIG. P14.38 


water E air 
aa. 
FIG. P14.40 


P) +7.35 x104 Pa+0= D, «oe 000 kg/m? vj 


v, =12.1 m/s 


The quantity leaving the nozzle in 2 his 


pV = pAv;t - (1000 kg/m?)z(0.011 m)*(12.1 m/s)7 200 s = 


3.32 x10* kg |. 


continued on next page 


P14.41 


*P14.42 


*P14.43 
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(c) Take point 1 in the wide hose and 2 just outside the nozzle. Continuity: 


A10, — 4505 


1 1 
P, + psy, +5 Pot = P, + P8Y> tp 


p, «os 000 kg/m? (1.35 m/s)" = P, +0+5(1 000 kg/m*)(12.1 m/s)” 


P, - Bj =7.35x10* Pa -9.07 x 10? Pa =| 7.26 x 10* Pa 


Flow rate Q - 0.0120 m?/s- v, A, = v3A; 


(a) 9 


_ AE _ Amgh (E 
At At At 


je = Rgh 


(b) A = 0.85(8.5 x 10°)(9.8)(87)=[ 616 MW 


The volume flow rate is 


125 cm? (ese m) 
ZAER 01. 
16.3 s 


The speed at the top of the falling column is 


B 7.67 cm? /s 


U year 
^ 0.724 cm? 


-10.6 cm/s. 
Take point 2 at 13 cm below: 


1 1 
P, + pgyi eg = P, + P8Y2 +302 
Py +(1000 kg/m?)(9.8 m/s?)0.13 met 000 kg/m? (0.106 m/s)” 
1 
=Py+0+—(1 000 kg/m? Jj 


v, = [209.8 m/s?)0.13 m+ (0.106 m/s)” =1.60 m/s 
The volume flow rate is constant: 


2 
7.67 em? /s=a{ 2) 160 cm/s 
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1 1 
*P1444 (a) Between sea surface and clogged hole: P, + z po? + pgy, = P, + P o? + gy» 


1atm+0+(1030 kg/m? (9.8 m/s?)2 m) P, «0-0 P, =1 atm+ 20.2 kPa 


The air on the back of his hand pushes opposite the water, so the net force on his hand is 


2.28 N 


F = PA - (20.2 x 10? N/m? (4 Jn2s107 mJ F 


(b) Now, Bernoulli's theorem is 


1 atm+0+ 20.2 kPa - 1 atm (1 030 kg/m?)oj-0 v, =6.26 m/s 


2 
The volume rate of flow is A505 = A02 x10? m) (6.26 m/s) 2 7.08 x 10* m?/s 


One acre-foot is 4047 m? x0.3048 m =1 234 m? 


E 1234 m? 
Requiring TE mils =| 1.74x10° s |= 20.2 days 


P14.45 (a) Suppose the flow is very slow: G + e t psy] = (r + je t psy | 


river rim 


P+0+ pg(564 m) =1 atm+0+ pg(2 096 m) 
P=1atm+(1000 kg/m?)(9.8 m/s*)(1532 m) =| 1 atm +15.0 MPa 


2 
(b) The volume flow rate is 4500 m? / d=Av= ED 


1d 4 
ver al 86 400 J (0.150 m)? | purus 


(c) Imagine the pressure as applied to stationary water at the bottom of the pipe: 


1 1 
n) "(Pe conv) 


bottom top 


P+0=1atm+ (I 000 kg/m? (295 m/s)” +1000 kg(9.8 m/s?)(1 532 m) 
P=1 atm +15.0 MPa + 4.34 kPa 


The additional pressure is | 4.34 kPa |. 
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P14.46 (a) For upward flight of a water-drop projectile from geyser vent to fountain-top, 
OU - Ovi + 2a Ay 


Then 0= o? +2(-9.80 m/s*)(+40.0 m) and v; - [280 m/s 


(b) Between geyser vent and fountain-top: P+ : po? tpgy =P, + i po? + PRY 
Air is so low in density that very nearly P, =P, =1 atm 
Then, Lo +0=0+(9.80 m/s? (40.0 m) 
vı =| 280 m/s 


1 1 
(c) Between the chamber and the fountain-top: P, + 2 pv; + pgy, = P, e p? + py» 


P, +0+(1000 kg/m? (9.80 m/s? (175 m) - P, +0+(1000 kg/m? (9.80 m/s*)(+40.0 m) 


P, - P, - (1000 kg/m? (9.80 m/s*)(215 m) - | 211 MPa 


2 2 
A 
P14.47 Pi + ar =P, + e (Bernoulli equation), vA; 2 7;45; where ae =4 
2 


2 2 
AP =P, - P, 5 (02 vi) Ai- | ana ap= his 21000 Pa 
2 


vı = 2.00 m/s; v, = 4v, =8.00 m/s: 


The volume flow rate is 20,44 =| 251x10? m? / S 


Section 14.7 Other Applications of Fluid Dynamics 


16 000(9.80) 


P1448 Mg=(P,-P,)A for a balanced condition - 7.00 x 10^ — P, 


where A - 80.0 m? ~<. P, =7.0x 104 0.196 x 10* =] 6.80 x 10* Pa 


2 
v 
P14.49 pain >= AP = py gAf SS (a 
2pgg SAh Š 
p= |- 858" T03 m/s a oT i 
Pair / e 


Ah 


ES 


Mercury 


FIG. P14.49 
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P14.50 The assumption of incompressibility is surely unrealistic, but allows an estimate of the speed: 


1 1 
P, + egy: +5 Pot = P, + pgya +5 P02 


1.00 atm + 0 + 0 = 0.287 atm +0-+=(1.20 kg/m? Jo 


= - 0.287 (1.013 x 10? N/m?) 
02 = 


=| 347 
1.20 kg/m? EXE 


P14.51 (a) Bye pgh+0= Ry «07 po} 04 — J2gh © 
y 
If h=1.00 m, v3 =| 443 m/s od 
C a: 
0) — Pe pay +5 po} =P, +045 pol P © 
Since V2 = 5, P= Py - psy FIG. P14.51 
P . ? 
Since P>0 ys -= A aa x=[103m 
pg (10? kg/m?(9.8 m/s?) 
*P14.52 Take points 1 and 2 in the air just inside and outside the window pane. 
1 1 
P, +5 PP + pgy, =P, tp + P8Y2 
P) +0=P,+ PES kg/m? (11.2 m/s)" P, = P) - 815 Pa 
(a) The total force exerted by the air is outward, 


P,A-P,A  BJA- PA +(81.5 N/m? (4 m)(1.5 m) =| 489 N outward 


b) | BA-PBA- i poA - (1.30 kg/m? (22.4 m/s) (4 m)(1.5 m) =| 1.96 kN outward 
P14.53 In the reservoir, the gauge pressure is AP- a A z = 8.00 x 10* Pa 
2.50 x 10° m 
From the equation of continuity: 440, = A505 


(250x107? m?]o, -(100x10? m?]o; — v, - (4.0010 *]o; 
Thus, v? is negligible in comparison to v2. 
1 
Then, from Bernoulli's equation: (B, -P,)+ i p + pgy, = 5 po? + pgy» 
8.00x10* Pa+0+0=0 «3 000 kg/m? Jj 


2 (8.00 x 104 Pa) 
1000 kg/m? - 


12.6 m/s 


U, = 
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Additional Problems 


P14.54 


P14.55 


Consider the diagram and apply Bernoulli's 
equation to points A and B, taking y=0 at A 
the level of point B, and recognizing that v4 

is approximately zero. This gives: 


P, +5 Py(0)? + Py g(h—Lsind) 
Valve 

1 2 
= Pg t PwB + p, 8(0) 


Now, recognize that P, = Ps = Patmosphere 


since both points are open to the atmosphere 
(neglecting variation of atmospheric 
pressure with altitude). Thus, we obtain 


vg - J2g(h - Lsin6) = [29.80 m/s? [10.0 m-(2.00 m)sin 30.0°] 


Ug =13.3 m/s 


FIG. P14.54 


Now the problem reduces to one of projectile motion with v,; = vg sin30.0°= 6.64 m/s. Then, 


0p = 07; + 2a(Ay) gives at the top of the arc (where y = Ymax and v,; - 0) 
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0- (6.64 m/s)” +2(-9.80 m/s”)(Ymax -0) 
OF Ymax =| 2.25 m (above the level where the water emerges) |. 
When the balloon comes into equilibrium, we must have 
2,5 =B- F; balloon "Eds ES string -0 

Fy, string 1$ the weight of the string above the ground, and B 
is the buoyant force. Now Í i 

E g, balloon = palloonS k 

E. He = PHe VS 

B= Pair VS 

h 
and T string — M string LE 
FIG. P14.55 


Therefore, we have 


h 
Pair VS —MpalloonS PueVS M string L 855 0 


(Pair — P He V = M balloon 
m 


or h= L 


string 


giving, 


3 
(1.29 -0.179)(kg fo (£t) -0.250 kg 
0.050 0 kg 


h= (2.00 m) 2| 191 m |. 
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P14.56 Assume v, 


inside 


z0 


P+0+0=1atm+ (1 000)(30.0)? +1 000(9.80)(0.500) 


Prauge = P —1 atm = 4.50 x 10° + 4.90 10? =| 455 kPa 


P14.57 The “balanced” condition is one in which the apparent weight of the 
body equals the apparent weight of the weights. This condition can be 
written as: 


F, -B=F, -B' 


where B and P' are the buoyant forces on the body and weights 
respectively. The buoyant force experienced by an object of volume V 


Mery FIG. P14.57 
in air equals: 


Buoyant force = (Volume of object) 4:8 


F! 
so we have  B-Vp,g and B'= CS pa. 
PS 
Fg 
Therefore, F, =F; +| V -— |Pairg - 
PS 


P14.58 The cross-sectional area above water is 


245 99. (0.600 cm)" — (0.200 cm)(0.566 cm) = 0.330 cm? 
T 


Aan = (0.600)? =1.13 cm? 
P water ZA under z Pwood^alg 


1.13 — 0.330 3 3 
=——— = 0.709 g/cm" =| 709 kg/m 
MISES qq g/cm? =| 709 kg/m" | FIG. P14.58 
P1459 At equilibrium, $/F, 20: B- Fring — Fg, He — Fg, balloon = 9 ( 
giving Fspring -kL-B- (mg. + ll atloon )8- 
But B = weight of displaced air = p ir Vg 
and fige = PHeV - 
Therefore, we have: kL = Pair Vg — PHeVZ — Mpatloon& 
Or Tem (Pair -= PHe)V - M balloon g. FIG. P14.59 
k 
1.29 kg/m? -0.180 kg /m? |5.00 m? - 2.00 x 10? kg 
From the data given, L- | / ) (9.80 m/s?) . 
90.0 N/m 
Thus, this gives L=] 0.604 m |. 
P14.60 P= pgh 1.013 x 10? =1.29(9.80)h 


h=| 8.01 km For Mt. Everest, 29 300 ft = 8.88 km Yes 


P14.61 


P14.62 


P14.63 


Chapter 14 431 


The torque is p fa T= fraF 


H 
From the figure T= Jules(H - y)wdy| = = ago? 
0 


1 
The total force is given as 5 pgwH? 


If this were applied at a height y,; such that the torque remains 


unchanged, we have 


1 1 1 
Ago? = ya pg? and — yg- ru ; 


(a) The pressure on the surface of the two hemispheres is constant 
at all points, and the force on each element of surface area is 
directed along the radius of the hemispheres. The applied force 
along the axis must balance the force on the "effective" area, 
which is the projection of the actual surface onto a plane 
perpendicular to the x axis, 

A= AR? 


FIG. P14.62 


Therefore, F =| (P) —P)aR? 


(b For the values given F =(P) -0.100P, )[=0.300 m)? = 0.254P, =| 258x10* N 


Looking first at the top scale and the iron block, we have: 
T +B = Fy uon 

where T, is the tension in the spring scale, B is the buoyant force, and F, iron is the weight of the iron 

block. Now if Mion is the mass of the iron block, we have 


Miron 


Piron 


Miron = Piron V SO V= - Vaisplaced oil 


Then, B= Poil Virong 


iron 


m 
Therefore, Tı T r. iron Poi iron = Mirong — Poil $8 


iron 


or T, f Poil Jrs =(1- Ap Jaanean- 173N 
P'iron 7 860 


Next, we look at the bottom scale which reads T, (i.e., exerts an upward force T, on the system). 
Consider the external vertical forces acting on the beaker-oil-iron combination. 


DF, - 0 gives 
Ti * T, [^t Fy; beaker E oil E. iron — 0 


or — T, =(mMyaker + Moit + Miron) & 7 T; = (5.00 kg)(9.80 m/s?) -17.3 N 


Thus, T; =| 317 N | is the lower scale reading. 


432 Fluid Mechanics 
P14.64 Looking at the top scale and the iron block: 


Ti +B= F fe where B = PoVfeg = a (fs k 
Fe 


is the buoyant force exerted on the iron block by the oil. 


Thus, Ti = F; fe — B = Mpeg p| k 
PFe 
or Ty = f = 2o. g | is the reading on the top scale. 
Pe 

Now, consider the bottom scale, which exerts an upward force of T; on the beaker-oil-iron 
combination. 
DF, =0: Titla Eg beaker ~ Esco eke =O 

TOT P cus = 12-29: 

2 — + g, beaker + g, oil t g, Fe T= (m, +Mo + Mrpe)g p MeS 
Fe 
or T, = [m +mMo + (2). | g | is the reading on the bottom scale. 
P¥e 


P14.65 pc,V =3.083 g 
P2n(xV)+ Pcu(l -x)V = 2.517 g 


pal’ ae? } + 3.083(1— x) = 2.517 


PCu 
t 7.133 ) * t 2 
8.960 3.083 
x 20.900 4 


%Zn =| 90.04% 


P14.66 (a) From >) F = ma 


B Mshel& — MHeS = Tl ogg) = (Mshen +Mpe ja (1) 
Where B- Pwater S and fgg = PHeV 
3 
io Vee ae 
3 6 


Putting these into equation (1) above, 


zd’? nd? nd? 
naa on 6 a=! P water 6 M shell — P He 6 8 


which gives 
nb 
(p water Pue) 6 shell 
PE 
Meshell + P He 6 


(1000 0:180) (kg /m?) 7927? 100 kg 


PE oF ) (0.200 m)? iid m/s? - 
6 


4.00 kg (0.180 kg /m? 


ü- 


2x  |Xh-d)  |2(400 m- 0.200 m) 
b t2 — = - =| 4.06 s 
" a ! a | 0.461 m/s? 


P14.67 


P14.68 


P14.69 


Inertia of the disk: I = = MR? =—(10.0 kg)(0.250 m)? = 0.312 kg-m? 


l 
2 


Angular acceleration: o, = oj + at 
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«(= eed EE mn), 0.524 rad/s? 


60.0 s Irev /\ 60.0s 


Braking torque: J` t = Ia > -fd = Iæ, so -= 


(0.312 kg m? (0.524. rad/s?) 


Friction force: f = =0.744 N 
0.220 m 

Normal force: f = un n TID 149 N 
uy, 0.500 

gauge pressure: P = Ma DRAN =| 758 Pa 


2 
2 (2.50 x 10 m) 
The incremental version of P— Py = pgy is 


We assume that the density of air is proportional to pressure, or 


Combining these two equations we have 


and integrating gives 


so where a = Pos 


0 


Energy for the fluid-Earth system is conserved. 


L 
(K +U); + AE mech =(K +U) y: 0750-7 mv? +0 


v= dabo [2o m(9.8 m/s?) =| 4.43 m/s 


dP =—pgdy 
see 
P Po 


Po 
dP = -P — ed 
P, say 


P h 
a a 
D 0 0 


p 

In| 2 |- 20st 
Po Py 

P =P” 
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P14.70 Lets stand for the edge of the cube, h for the depth of immersion, pice stand for the density of the 
ice, p,, stand for density of water, and p, stand for density of the alcohol. 


(a) According to Archimedes's principle, at equilibrium we have 


Pie 8S" = p, ghs? > h=sPice 


With Pico = 0.917 x 10° kg/m? 
Pw 21.00 x10? kg/m? 


and s= 20.0 mm 


we get h = 20.0(0.917) 218.34 mm ~ | 18.3 mm 


(b) We assume that the top of the cube is still above the alcohol surface. Letting h, stand for the 
thickness of the alcohol layer, we have 


Pass ha + pus hy = Pic 88" SO hy = (A= (2). 


With Pa 70.806 x10? kg/m? 


and h, 25.00 mm 


weobtain h, = 18.34 -0.806(5.00) 21431 mm «| 143 mm 


(c) Here hi, =s- h}, so Archimedes's principle gives 


PaSs hh, + Pugs (S— Ih) = pi gs? => p.h; + pu (s hz) pics 
«(Pin = Pice) _ 99 g (1.000 -0.917) _ 
(Pw — 05) (1.000 — 0.806) 


h, = 


a 


8.557 ~| 8.56 mm 


P14.71 


Note: Variation of atmospheric pressure with altitude is included in 
this solution. Because of the small distances involved, this effect is 


unimportant in the final answers. 


(a) 


(b) 


Consider the pressure at points A and B in part (b) of the 


figure: 


Using the left tube: P4 = Piim + Pagh + Pug(L-h) where the 
second term is due to the variation of air pressure with 


altitude. 
Using the right tube: P5 = Dj + PogL 


But Pascal's principle says that P4 = Pz. 


Therefore, Piim + pogL = Paim + Pagh + p,g(L—h) 


a 


or (Pw - Pa)h=(Pw- Po)L, giving 


- 1000-7 
pa Cae: |e | AO Ee 
Pw—Pa 1000 — 1.29 


Consider part (c) of the diagram showing the situation 
when the air flow over the left tube equalizes the fluid 
levels in the two tubes. First, apply Bernoulli's equation to 


1.25 cm 


points A and B (y4 2 yg, v4 =V, and vg =0) 


"E 1 1 
This gives: P4 MULA + Pa8Ya = Pp +5 o0) + PaSYB 
f r 1 
and since y 4 = yp, this reduces to: Pz — P, = s 


Now consider points C and D, both at the level of the 
oil-water interface in the right tube. Using the variation of 


pressure with depth in static fluids, we have: 


Pe =P, + p48H + Pygl 


But Pascal's principle says that Pc = Pp. Equating these two gives: 


Pg + P_8H + pogL =P, + Pa8H * Pygl 


Substitute equation (1) for Pj — P4 into (2) to obtain 


and 


Or 


or v= IM SP) pos m/s? Ko.050 0 no 


v=| 13.8 m/s 
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FIG. P14.71 


Pp = Pg + p,8H + pogL 


Pg -P4 =(Pw— Po)gL 


2 = (Pw — Po) gb 
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P1472 (a) 
(b) 
P1473 (a) 
(b) 
(c) 


The flow rate, Av, as given may be expressed as follows: 


25.0 liters 


= 0.833 liters/s 2833 cm? /s. 
30.0 s 


The area of the faucet tap is mcm”, so we can find the velocity as 


A flow rate 833 cm?/s 


A zem? 


=265 cm/s =| 2.65 m/s |. 


We choose point 1 to be in the entrance pipe and point 2 to be at the faucet tap. A,v, = A50; 
gives v, 20.295 m/s. Bernoulli's equation is: 


1 
P-P, - 7 p(o - vt) + osa - i) 
and gives 


pop =5 (10° kg/m? (2.65 m/s)? - (0.295 m/s)? |+ (10° kg/m?)(9.80 m/s?)(2.00 m) 


or — Prauge = P — P, =| 2.31 x104 Pa |. 


Since the upward buoyant force is balanced by the weight of the sphere, 
4 p3 
"hc ONE ma kg. 
In this problem, p = 0.789 45 g / cm? at 20.0°C, and R - 1.00 cm so we find: 


m, = d$) = (0.789 45 g/cm? ETE cm) = [ 3.307 g |. 


Following the same procedure as in part (a), with p' = 0.78097 g / cm? at 30.0°C, we find: 


My = pff) = (0.780 97 g/cm) $ (1.00 cm) =| 3.271 g |. 


When the first sphere is resting on the bottom of the tube, 


n+B=F,, =m,g, where n is the normal force. 


Since B= p'Vg 


n-mQg-pVg- [3.307 g - (0.78097 g/cm? (1.00 cm)? pao cm/s? 


n= 348 g-cm/s? =| 3.48x10 ^ N 
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*P14.74 (a) Take point © at the free water surface in the tank and point © at the bottom end of the tube: 


1 1 
P, + pgyy +5 PP = P, + pgys tp 


Rye pgd 07 Py r0 7 pv} 


7, — J2gd 


The volume flow rate is im iom 75À'. Then t= ZI a ect f 
t t 0,À' A'J2gd 
2 
(b) g- (0.5 m)^0.5 m dics 
2x10 m? (98 m/s*]10 m 
*P14.75 a For diverging stream lines that pass just above and just below the hydrofoil we have 
ging pass J J y 


1 1 
P, +E8Y +5 Po = P, + pgyp tp. 


Ignoring the buoyant force means taking y, = y; 


1 2 1 
P, t3 Pm) =P, +5 Pei 


1 
Bb = 5 i (n® -1) 
The lift force is (P, - P,)A = : po, (n? -1)A. 


(b) For liftoff, 


eie -1)A=Mg 
1/2 
4 2Mg 
JE p(n? -1)A 


The speed of the boat relative to the shore must be nearly equal to this speed of the water 
below the hydrofoil relative to the boat. 


(c) v? (n? -1)Ap=2Mg 


2(800 kg)9.8 m/s? 
A- ( Epic =| 1.70 m? 
(9.5 m/s) (1.05? -1)1000 kg/m? 
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ANSWERS TO EVEN PROBLEMS 


P14.2 


P14.4 


P14.6 


P14.8 


P14.10 


P14.12 


P14.14 


P14.16 


P14.18 


P14.20 


P14.22 


P14.24 


P14.26 


P14.28 


P14.30 


P14.32 


P14.34 


P14.36 


~10'° kg / m? ; matter is mostly empty 


space 
192x105 N 


(a) 1.01 x 107 Pa; 
(b)7.09 x 10? N outward 


255N 
(a) 65.1 N; (b) 275 N 


5.88 x 105 N down; 196 kN outward; 
588 kN outward 


(a) 29.4 KN to the right; 
(b) 16.3 KN -m counterclockwise 


(a) 10.3 m; (b) zero 

(a) 20.0 cm; (b) 0.490 cm 
12.6 cm 

(a) 444 kg; (b) 480 kg 


EM; E 

(o w Ps )h 

(a) see the solution; (b) 25.0 N up; 

(c) horizontally inward; 

(d) tension increases; see the solution; 
(e) 62.5%; (f) 18.7% 

— 10* balloons of 25-cm diameter 


(a) 6.70 cm; (b) 5.74 cm 


(a) 11.6 cm; (b) 0.963 g/cm? ; 
(c) no; see the solution 


0.611 kg 


2.67 x 10° kg 


P14.38 


P14.40 


P14.42 


P14.44 


P14.46 


P14.48 


P14.50 


P14.52 


P14.54 


P14.56 


P14.58 


P14.60 


P14.62 


P14.64 


P14.66 


P14.68 


P14.70 


P14.72 


P14.74 


12.8 kg/s 


(a) 27.9 N; (b) 3.32x10* kg; 
(c) 7.26 x 10^ Pa 


(a) see the solution; (b) 616 MW 

(a) 2.28 N toward Holland; (b) 1.74 x 105 s 
(a), (b) 28.0 m/s; (c) 2.11 MPa 

6.80 x 10^ Pa 

347 m/s 

(a) 489 N outward; (b) 1.96 kN outward 


2.25 m above the level where the water 
emerges 


455 kPa 
709 kg/m? 
8.01 km; yes 


(a) see the solution; (b) 2.58 x 10* N 


1 Po. 


top scale: | ys g; 


PFe 


bottom scale: [m tm eats g 
PFe 


(a) 0.461. m/s? ; (b) 4.06 s 

see the solution 

(a) 18.3 mm; (b) 14.3 mm; (c) 8.56 mm 
(a) 2.65 m/s; (b) 2.31 x104 Pa 


(a) see the solution; (b) 44.6 s 


Q15.4 


Q15.5 


Q15.6 


Oscillatory Motion 


ANSWERS TO QUESTIONS 


Q15.1 Neither are examples of simple harmonic motion, although 
they are both periodic motion. In neither case is the acceleration 
proportional to the position. Neither motion is so smooth as 
SHM. The ball’s acceleration is very large when it is in contact 
with the floor, and the student's when the dismissal bell rings. 


Q15.2 You can take $- z,or equally well,  - —7. At t 2 0, the particle 
is at its turning point on the negative side of equilibrium, at 
x=—-A. 

Q15.3 The two will be equal if and only if the position of the particle 


at time zero is its equilibrium position, which we choose as the 
origin of coordinates. 


(a) In simple harmonic motion, one-half of the time, the velocity is in the same direction as the 
displacement away from equilibrium. 

(b) Velocity and acceleration are in the same direction half the time. 

(c) Acceleration is always opposite to the position vector, and never in the same direction. 

No. It is necessary to know both the position and velocity at time zero. 

The motion will still be simple harmonic motion, but the period of oscillation will be a bit larger. The 

y2 
effective mass of the system in ø = E will need to include a certain fraction of the mass of the 


m eff 
spring. 
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Q15.7 


Q15.8 


Q15.9 


Q15.10 


Q15.11 


Q15.12 


Q15.13 


Q15.14 


Q15.15 


Oscillatory Motion 


We assume that the coils of the spring do not hit one another. The frequency will be higher than f by 
the factor 42. When the spring with two blocks is set into oscillation in space, the coil in the center 
of the spring does not move. We can imagine clamping the center coil in place without affecting the 
motion. We can effectively duplicate the motion of each individual block in space by hanging a 
single block on a half-spring here on Earth. The half-spring with its center coil clamped—or its other 
half cut off—has twice the spring constant as the original uncut spring, because an applied force of 
the same size would produce only one-half the extension distance. Thus the oscillation frequency in 


1/2 
space is (==) = /2f . The absence of a force required to support the vibrating system in 
mAm 


orbital free fall has no effect on the frequency of its vibration. 


. 1 
No; Kinetic, Yes; Potential, No. For constant amplitude, the total energy jM stays constant. The 


itg 1 : ; 
kinetic energy 5m would increase for larger mass if the speed were constant, but here the greater 
mass causes a decrease in frequency and in the average and maximum speed, so that the kinetic and 
potential energies at every point are unchanged. 


Since the acceleration is not constant in simple harmonic motion, none of the equations in Table 2.2 
are valid. 


Equation Information given by equation 
x(t) = Acos(ot 9) position as a function of time 
v(t) 2 —oA sin(ot + 9) velocity as a function of time 


lá 


v(x) = £o( A? - x? velocity as a function of position 
y P 


a(t)=-w*Acos(wt+¢) ^ acceleration as a function of time 


a(t) - -o?x(t) acceleration as a function of position 


The angular frequency wappears in every equation. It is a good idea to figure out the value of angular 
frequency early in the solution to a problem about vibration, and to store it in calculator memory. 


L [2L. 
We have T; = fe and T, = iM LE /2T,. The period gets larger by 42 times. Changing the 
s s s 


mass has no effect on the period of a simple pendulum. 

(a) Period decreases. (b) Period increases. (c) No change. 

No, the equilibrium position of the pendulum will be shifted (angularly) towards the back of the car. 
The period of oscillation will increase slightly, since the restoring force (in the reference frame of the 
accelerating car) is reduced. 

The motion will be periodic—that is, it will repeat. The period is nearly constant as the angular 
amplitude increases through small values; then the period becomes noticeably larger as Q increases 
farther. 


Shorten the pendulum to decrease the period between ticks. 


No. If the resistive force is greater than the restoring force of the spring (in particular, if b? > 4mk), 
the system will be overdamped and will not oscillate. 


Q15.16 


Q15.17 


Q15.18 


Q15.19 


Q15.20 


Q15.21 
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Yes. An oscillator with damping can vibrate at resonance with amplitude that remains constant in 
time. Without damping, the amplitude would increase without limit at resonance. 


The phase constant must be zrad. 


Higher frequency. When it supports your weight, the center of the diving board flexes down less 
than the end does when it supports your weight. Thus the stiffness constant describing the center of 


the board is greater than the stiffness constant describing the end. And then f = (A) is greater 
a )Nm 


for you bouncing on the center of the board. 


The release of air from one side of the parachute can make the parachute turn in the opposite 
direction, causing it to release air from the opposite side. This behavior will result in a periodic driving 
force that can set the parachute into side-to-side oscillation. If the amplitude becomes large enough, 
the parachute will not supply the needed air resistance to slow the fall of the unfortunate skydiver. 


An imperceptibly slight breeze may be blowing past the leaves in tiny puffs. As a leaf twists in the 
wind, the fibers in its stem provide a restoring torque. If the frequency of the breeze matches the 
natural frequency of vibration of one particular leaf as a torsional pendulum, that leaf can be driven 
into a large-amplitude resonance vibration. Note that it is not the size of the driving force that sets 
the leaf into resonance, but the frequency of the driving force. If the frequency changes, another leaf 
will be set into resonant oscillation. 


We assume the diameter of the bob is not very small compared to the length of the cord supporting 
it. As the water leaks out, the center of mass of the bob moves down, increasing the effective length 
of the pendulum and slightly lowering its frequency. As the last drops of water dribble out, the 
center of mass of the bob hops back up to the center of the sphere, and the pendulum frequency 
quickly increases to its original value. 


SOLUTIONS TO PROBLEMS 


Section 15.1 Motion of an Object Attached to a Spring 


P15.1 


(a) Since the collision is perfectly elastic, the ball will rebound to the height of 4.00 m and then 
repeat the motion over and over again. Thus, the | motion is periodic |. 


(b) To determine the period, we use: x = i gt’. 


2(4.00 
The time for the ball to hit the ground is ¢= [2% = | 2040 m). gogo , 
g 9.80 m/s 


This equals one-half the period, so T = 2(0.909 s) =| 1.82 s |. 


(c) No |. The net force acting on the ball is a constant given by F =—mg (except when it is in 


contact with the ground), which is not in the form of Hooke's law. 
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Section 15.2 Mathematical Representation of Simple Harmonic Motion 
P15.2 (a) x — (5.00 cancos{ 2 + z) Att=0, | x=(5.00 cm) cof =] =| 4.33 cm 
dx . 1 
(b) v S E cm/s) sin| oars Att=0, v=| -5.00 cm/s 
(c) a= Z = -(20.0 cm/s?) cos{ 21 + z) Att=0, a=| -17.3 cm/s? 
(d) A =| 5.00 cm and T= emm 3.14 s 
o 2 
P15.3 x = (4.00 m)cos(3.00zt + 7) Compare this with x = A cos(ot + 9) to find 
(a) @ = 2z f = 3.007 
Or f-150Hz| T= - =| 0.667 s 
(b) A =| 400m 
(c) g=| mrad 
(d) x(t = 0.250 s) = (4.00 m)cos(1.75z) =| 2.83 m 
*P15.4 (a) The spring constant of this spring is 
2 
, E. 045 kg 9.8 m/s -126 N/m 
x 0.35 m 
we take the x-axis pointing downward, so ¢=0 
12.6k 
x= Acosot =18.0 cmcos, | 29 $84.4 s = 18.0 cmcos 446.6 rad = [15.8 cm 
0.45 kgs 
(d) Now 446.6 rad = 71x 27 4 0.497 rad. In each cycle the object moves 4(18) = 72 cm, so it has 
moved 71(72 cm) + (18 15.8) cm - | 51.1 m |. 
44 kg 9. ? 
(b) By the same steps, k = P g98 m/s -121 N/m 
0.355 m 
k 12.1 
x= Acos ,/—t =18.0 cmcos ,/—— 84.4 = 18.0 cm cos 443.5 rad =| -15.9 cm 
m 0.44 
(e) 443.5 rad = 70(27) + 3.62 rad 
Distance moved = 70(72 cm)+18+ 15.9 cm=| 50.7 m 
(c) The answers to (d) and (e) are not very different given the difference in the data about the 


two vibrating systems. But when we ask about details of the future, the imprecision in our 
knowledge about the present makes it impossible to make precise predictions. The two 
oscillations start out in phase but get completely out of phase. 


P15.5 


P15.6 


P15.7 
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(a) At t=0, x=0 and v is positive (to the right). Therefore, this situation corresponds to 
x = Asin øt 
and v = V; COS at 
Since f =1.50 Hz, @ = 2z f = 3.007 
Also, A = 2.00 cm, so that x = (2.00 cm)sin3.00zt 

(b) Umax = 0; = A@ = 2.00(3.007) = 6.007 cm/s =| 18.8 cm/s 

T l1 
The particle has this speed at t = 0 and next at t= ves s 

(c) max = Ao? = 2.00(3.007) 218.02? cm/s? =| 178 cm/s? 

This positive value of acceleration first occurs at t= Žr =| 0.500 s 

(d) Since T = i s and A = 2.00 cm, the particle will travel 8.00 cm in this time. 

Hence, in 1.00 (- žr), the particle will travel 8.00 cm + 4.00 cm =| 12.0 cm |. 

The proposed solution x(t) = x; cos æt + (=) sin ot 

to) 
"C . dx i 
implies velocity v= om —x,@ sin at + v; cos at 
, dv 2 ¿ 2 Ui | 2 
and acceleration a= " — —x;Q* cos at — v;o sin ot ——o*! x; cosot +| — |sinot |-—o*x 
to, 

(a) The acceleration being a negative constant times position means we do have SHM, and its 
angular frequency is œ. At t — 0 the equations reduce to x = x; and v = v; so they satisfy all 
the requirements. 

(b) o? — ax = (-xje sin ot + v; cos ot) - (xo? COS wt — v; sin of [x cos wt + (=) sin ot 

to, 
o? -ax- xo sin? wt — 2xj;v,0 sin at cos ot + v? cos? at 
+x? cos? wt + x;v0;@ COS ot sin wt + x;v;o sin øt cos øt + v2 sin? ot = x2o? 4 v? 
So this expression is constant in time. On one hand, it must keep its original value v? — a;x;. 
On the other hand, if we evaluate it at a turning point where v=0 and x= A, itis 
A?o? +0? = A?o?. Thus it is proved. 
a) Tesui 
5 
1 1 

b =—=——=| 0.417 Hz 

0) f T 2.40 

(c) @ = 22 f =22(0.417) =| 2.62 rad/s 
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*P15.8 


P15.9 


*P15.10 


P15.11 


The mass of the cube is 


m= pV =(2.7x10° kg/m*)(0.015 m)? = 911x107? kg 


The spring constant of the strip of steel is 


F  143N 


=—= =52.0 N/m 
x 0.0275m 
Ak 
f- 4-2 m <r 
2m7 2n im 2r\s°911x10~ kg 


je a us Or release 
2x 2x im f k 


2m 4n7(7.00 k 
Solving for k, k= Mm. um l 8) = 


40.9 N/m |. 


T? (2.60 s)? 


x= Acos øt A=0.05 m v=—Aosinat 4-2 —Ao? cosat 


If f 23600 rev/min = 60 Hz, then o - 1207s! 


Vmax = 0-05(1207) m/s - | 18.8 m/s Amax = 0.05(120z)? m/s? =| 711 km/s” 


(a) o= | Dz | Vll D 2400s so position is given by 
m ; g 


From this we find that v = 40.0 cos(4.00t) cm/s 


a = -160sin(4.00t) cm/s” 
(b) t= (zx) sin! (5) and when x=6.00 cm, t —- 0.161 s. 
4.00 10.0 


We find v = 40.0 cos[4.00(0.161)] = 


a = -160sin[4.00(0.161)] = 


(c) ^ Usingt- (sas) 


when x 20,120 and when x= 8.00 cm, 12 0.232 s. 


Therefore, At =| 0.232 s |. 


x = 10.0sin(4.001) cm. 


40.0 cm/s 


U max 


Amax =| 160 cm/s” ; 


32.0 cm/s 


—96.0 cm/ s? |. 
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P15.12 m=1.00 kg, k=25.0 N/m, and A 23.00 cm. At £20, x =-3.00 cm 


(a) o= A coU. 5.00 rad/s 
m 1.00 
so that, pete cm 1.26 s 
o 5.00 


(b) Vmax = A@ = 3.00 x 10? m(5.00 rad/s) =| 0.150 m/s 


Amax = A0? = 3.00 x10 m(5.00 rad/s)” =| 0.750 m/s? 


(c) Because x =—3.00 cm and v=0 at t=0, the required solution is x = -Acos ot 


or x = -3.00cos(5.00t) cm 


v= = =| 15.0sin(5.00¢) cm/s 
dv x 
ü- dE 75.0 cos(5.001) cm/s | 


P1513 The 0.500 s must elapse between one turning point and the other. Thus the period is 1.00 s. 


dec SEDE 
T 


and Vmax = @A = (6.28/s)(0.100 m) =| 0.628 m/s |. 


P1514 (a) Umax = 0A 


A= Omax v 
to, to) 
(b) x —-—Asinot = (2) sin ot 
to) 


Section 15.3 Energy of the Simple Harmonic Oscillator 


P15.15 (a) Energy is conserved for the block-spring system between the maximum-displacement and 
the half-maximum points: 
(K+U), =(K+U) jr Eat gt Eua 
: f 2 2 2 
2 
j (650 N/m)(0.100 m)^ = 5 "(0.300 m/s)” +5 (650 N/m)(5.00 x 10 m) 
1 2 2(24.4 mJ) 
32.5 mJ =—m(0.300 m/s) + 8.12 m i =| 0.542 k 
173 ( /s) : 90x10? m?/s? 2 
b) o= | be POS eae ede jee» ARE. aie 
m 0.542 kg o 3.46 rad/s 


(c) amas = A@? = 0.100 m(3.46 rad/s)” = 
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P15.16 


P15.17 


P15.18 


P15.19 


P15.20 


20 


0.784 m/s 


m= 200 g, T =0.250 s, E=2.00J; o= 42 = =25.1 rad/s 
T 0250 
(a) k = mo? =0.200 kg(25.1 rad/s)” =| 126 N/m 
2 [2(2.00 
(b) pose c aoe (200). i768 m 
2 k 126 
Choose the car with its shock-absorbing bumper as the system; by conservation of energy, 
6 
L = Ie U -x fE -(s16 x10? m) ee =| 2.23 m/s 
2 m 10 
a2 250 NN x10? mJ 
(a) == =| 0.153 J 
2 
(b) Umax = AO where o= J£- es =22.4 s! Umax = 
0. a 
(c) Amax = Ao? 2350x107? m(22.4 st)’ = -|17.5 m/s? 
D. xr i Did 
(à — E-zkA*--(850 N/m)(4.00 x10 m) -[280 mJ 
(b) jo|= ov A? x Ee g^ 
jeg cere NT 107)’ - (100x107 -[102 m/s 
50.0 x 10? l i 
1 2 1 22 232 | 
(c) jv - kA 5 hn? = ; 65. 0) (4 00 x 10 iR -(8.00x107?) |- 12.2 mJ 
Ly 
(d) 2 - mo" =| 15.8 mJ 
F 
(a) SUN UU 100 N/m 
x 0.200 m 
(b) = B = 450.0 rad/s so f= =[113 Hz 
m 27 
(c) Umax = OA = N50.0(0.200) =| 1.41 m/s | at x «0 
(d) Amax = 02A = 50.0(0.200) =| 10.0 m/s? | at x=+A 
(e) = Dua - 5 (100)(0.200)" =[ 2.00 J 
= 2 2 8 2 
(f) jo] = ev A? - x = 450.047 (0.200) =/1.33 m/s 
(g) jl=o%x=500( 222) - 3.33 m/s? 


P15.21 


*P15.22 


(a) 


(b) 


(c) 


(d) 


(a) 


(b) 


(c) 


(d) 


(e) 
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B= kA, so if A'22A,E'- PHA = ;KQAY = 4E 


Therefore | E increases by factor of 4 |. 


max 


Umax = [^ so if A is doubled, | v,,,, is doubled |. 
m 


ü 


max max 


= tj , SO if A is doubled, | a... also doubles |. 
m 


PS 2r f” is independent of A, so | the period is unchanged |. 


1 


-11 m=0+0 +5 (98 m/s? |? 


2 
f= ees =| 150 s 
9.8 m 


Take the initial point where she steps off the bridge and the final point at the bottom of her 
motion. 


(K+U,+U,) =(K+U, +U,), 


O+mgy+0=0+0+ lo? 


65 kg 9.8 m/s? 36 m= jS m) 


k-|73.4 N/m 


F 65kg9.8 m/s? 
k — 734 N/m 
118.68 m=) 19.7 m below the bridge | and the amplitude of her oscillation is 
36—-19.7 216.3 m. 


o= | cg ees 1.06 rad/s 
m 65 kg 


The spring extension at equilibrium is x = = 8.68 m, so this point is 


Take the phase as zero at maximum downward extension. We find what the phase was 25 m 
higher when x = -8.68 m: 


In x= Acosot , 16.3 m=16.3 mcos0 

-8.68 m= 163 mecos{ 1.06 3 1.06 =-122°=-2.13 rad 
S S 

t=-2.01s 


Then | +2.01 s | is the time over which the spring stretches. 


total time =1.50 s + 2.01 s =| 3.50 s 
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P15.23 Model the oscillator as a block-spring system. 


From energy considerations, o? 4 g?x? 2 o? A? 
2 
Umax = A and ga so (+) to? x? =@*A? 
2 2 
From this we find x? = =A? and x= A =| +2.60 cm | where A =3.00 cm 


P15.24 The potential energy is 


The rate of change of potential energy is 


M E De 2cos(ot)|-o sin(ot)] S Z kA? osin2at.. 


(a) This rate of change is maximal and negative at 


2ot = T 2ot = 27+ T or in general, 2@t = 2nz E for integer n. 


z(4n+1) 


A 
Then, £2 (4n 41) 2 — — — 
4o 4(3.60 s~) 


For n =0, this gives t =| 0.218 s | while n =1 gives f=] 1.09 s |. 


All other values of n yield times outside the specified range. 


= =kA%e = -B4 N/m)(5.00 x 10? m) (3.60 s')= 


max 


(b) | du, 


dt 


Section 15.4 Comparing Simple Harmonic Motion with Uniform Circular Motion 


P15.25 (a) The motion is simple harmonic because the tire is rotating with constant velocity and you 
are looking at the motion of the bump projected in a plane perpendicular to the tire. 


(b) Since the car is moving with speed v = 3.00 m/ s, and its radius is 0.300 m, we have: 
Q- OUE =10.0 rad/s. 
0.300 m 


Therefore, the period of the motion is: 


E Do = ape 
o (10.0 rad/s) 


P15.26 


P15.27 


P15.28 


The angle of the crank pin is 0 = at. 
Its x-coordinate is 


x=Acos@=Acosat 


where A is the distance from the 
center of the wheel to the crank pin. 
This is of the form x = Acos(at + 9), 
so the yoke and piston rod move 
with simple harmonic motion. 
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FIG. P15.26 
Section 15.5 The Pendulum 
(a) T- 22 
& 
T2 (9.80 m/s?)(12.0 s? 
zs j Í / | =| 35.7 m 
4r 4r 
L 357m 
b Toon 27 -2- -|291s 
i ne rr 2D 
MS : Lr 
The period in Tokyo is Tr =22,,— 
ST 
E : . Lc 
and the period in Cambridge is Te = Az |—- 
8c 
We know Tr = Tç = 2.00 s 
For which, we see i = He: 
ST SC 
994 2 
or $c Lc _ 00042 _Troors 
gr Lr 0.9927 


P15.29 


The swinging box is a physical pendulum with period T = 27 — . 
ms 


The moment of inertia is given approximately by 


I= Emp (treating the box as a rod suspended from one end). 


Then, with L «1.0 m and d x Z, 


=16s orT~ 


Ig]? OF 2(1.0 m) 
Pade |2 = E) 
7 mg(4) "3g ^7 3(9.8 m/s?) 


10° s |. 
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_ 22, am | 2x 


P1530 o T= -—" 1425 
o 443 

o= |$: - 5. 980. 0499m 
L o^ (443) 


P15.31 Using the simple harmonic motion model: 


A=r0=1 m 15° = 0.262 m 


80 
2 
o= jE- m/s 313 rad/s 
L 1m 
(a) Umax = A@ = 0.262 m 3.13/s =| 0.820 m/s 


(b max Ao? = 0.262 m(3.13/s)” = 2.57 m/s? 


a= Atan 


Atan Zra 


2 
Td m/s =| 2.57 rad/s* 
T 1m 


FIG. P15.31 


(c) F = ma =0.25 kg 2.57 m/s? = 


More precisely, 


(a) mgh = Qj and h - L(1- cos0) 


Umax = 428L(1— cos 0) =| 0.817 m/s 


(b) Ia - mgLsin 8 


 mgLsinü g si 


E I in; =| 2.54 rad/s” 
m 


(c) —— F4 = mg sin; = 0.250(9.80)(sin15.0°) =| 0.634 N 


a max 


P15.32 (a) The string tension must support the weight of the bob, accelerate it upward, and also provide 


the restoring force, just as if the elevator were at rest in a gravity field (9.80 + 5.00) m/ s? 
T-22a L on 2A 
g 14.8 m/s 
T =| 3.65 s 


5.00 m 
b T=2 -[641s 
M “| (9.80 m/s? -5.00 m/s?) 


() — $5 = [foso m/s?) + (5.00 m/s?) =11.0 m/s? 


5.00 m 
T-2z- =| 4.24 
7 A110 m/s? E 


P15.33 


P15.34 


P15.35 
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Referring to the sketch we have 


F--mgsin8 and tand=— 

For small displacements, tan 8 x sin 0 

and F=- Ts gs --kx 
R 


Since the restoring force is proportional to the displacement from 
equilibrium, the motion is simple harmonic motion. 


k 
Comparing toF = —mo?x shows | @ = |— =£ |. 
m R 
(a) T- total measured time T2 s2 


50 | ar ie ae a aaa ‘ 
The measured periods are: 


Length, L (m) | 1.000 | 0.750 | 0.500 
Period, T(s) | 1.996 | 1.732 | 1.422 


L Az?L 
b T -2z |— SO = 
(b) 7| ; 8-00 


The calculated values for g are: 


Period, T (s) | 1.996 | 1.732 | 1.422 | 
g(m/s*) [991 987 |976 | 


0.25 0.5 0.75 1.0 


FIG. P15.34 
Thus, gave =| 9.85 m/ s? | this agrees with the accepted value of g = 9.80 m/ s? within 0.5%. 


"m. 
(c) From T? - m =h, the slope of T? versus L graph = —— = 4.01 s?/m 
8 8 


=| 9.85 m/ s? |. This is the same as the value in (b). 
e 


f =0.450 Hz, d 20.350 m, and m = 2.20 kg 
1 


2 
Thus, g= = 


pee 
f 
2 
T-24 1. p.e 
mgd mgd 
d d 23 
par Mil (ry ul 0(9.80)( T [0.944 kg. m | 


FIG. P15.35 
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P15.36 (a) The parallel-axis theorem: 


I- Icy + Md? = = ML? + Md? =— E M(1.00 m)? + M(1.00 m)? 


= v2 m?) 
12 
M(13 m? 
(207 |= cue m 2.09 s 
Mgd ut (1.00 - 2(9.80 m/s?) 


FIG. P15.36 


(b) For the simple pendulum 


UU E TU difference = 209 5201s rogo; 
9.80 m/s 2.01 s 


P15.37 (a) The parallel axis theorem says directly I = Icy, + md’ 


leg + md’ 
so T-2x ae 27 (cw ) 
mgd mgd 


(b) When dis very large T— 27 n gets large. 
s 


When d is very small T  2z ev. gets large. 
mgd 


So there must be a minimum, found by 


dT d 1/2 -1/2 
T a; len +md?)" (mgd) ” 
= 2n(Tom + ma?) °(- 5 nsa? ipd 2a(mgd) (Z fes x md2) ^ E 


2 —n(Tom ae ^ 2z md mgd _ 
(Tom +md 25 "(mgd" (Icm md? J^ (nga) 


This requires 
-Icy - md? + 2md? =0 


ou 
Or ley = md 


P15.38 We suppose the stick moves in a horizontal plane. Then, 


1 2 1 2 2 
I=—mL* = —(2.00 kg (1.00 = 0.167 kg- 


r-z 
K 


Az?I Az" (01167 kg: m?) 


T! (8s) perg 


P15.39 


P15.40 


P15.41 


P15.42 


Chapter 15 
2 
T = 0.250 s, I= mr? =(20.0 x 10? kg)(5.00 x10? m) 
76 
(a) I=|5.00x107 kg-m? 
2 FIG. P15.39 
(b) (Es. «o; [enon 
dt I T 
2 
x - Io? - (5.00 x 107 a aia 00 
0.250 rad 
Section 15.6 Damped Oscillations 
. _1 2 2 
The total energy is E= Pi +—kx 
2 
Taking the time-derivative, " - mo P +kxv 
2 
Use Equation 15.31: T = —kx — bo 
m v(-kx — bo) + kox 
dt 
Thus, HE --bo? <0 
dt 
0; — 15.0? A(t =1 000) =5.50° 
x= Ae Pm Xio0 — Ae "2m _ 5.50 _ -b(1000)/2m 
Xj A 15.0 
—b(1 000 
in >>| = -1.00 = ( 
15.0 2m 
s2 - [100x107 7 
2m 
Show that x= Ae P?" cos(at +g) 
2 
is a solution of kx—b Um m : x (1) 
dt dt 
2 
where o= LS (2-] 3 (2) 
m \2m 
x= Ae P?" cos(at +) (3) 
Z = Ae "iam (- =| cos(ot + 9) — Ae "?" wsin(at + d) (4) 
d*x b —bt/2 b —bt ; 
<< =| Ae mI 7. |cos(at + 6) - Ae "I?" o» sin(at + 
dt? 2| aml ae pened) 
ae" ae (- a.p sin(at + $) - Ae?" o? cos(wt + | (5) 
m 
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Substitute (3), (4) into the left side of (1) and (5) into the right side of (1); 
2 
-kAe P?" cos(ot + 8) 4 LA Mn cos(at + 9) + bade P?" sin(at +g) 
m 


= em (- >) cos(ot + p) - Ae ™™" @ sin(at + J 


+ Z Ae We sin(ot + 9) - mo? Ae™!?" cos(at + ø) 


Compare the coefficients of Ae "/?" cos(ot +g) and Ae "/?" sin(at + g): 


. p? b( b 2 b? k b? p? 
cosine-term: k+ mo m k+ 
2m 2\ 2m 4m m 4m? 2m 


sine-term: bo=+ : (@)+ i (@)=ba 


—bt/2m 


Since the coefficients are equal, x = Ae cos(ct + $) is a solution of the equation. 


2.05x10* N/m 
10.6 kg 


*P15.43 The frequency if undamped would be o, = B - = 44.0/s. 
m 


(a) With damping 


2 2 2 
oO= oo (>) = (4 J PE 
m S s 2 10.6 kg 


= 4/1 933.96 —0.02 = 44.0 1 
s 


| eee TOU HE 
2m 2ms 


(b) In x = Age "?" cos(at + $) over one cycle, a time T = za the amplitude changes from A, to 
o 


Age 77/2" for a fractional decrease of 


A S A -ab/mo 
ù P. -1-e773/006440) _ 7 _ 4700202 _ 1 _ 9.979 98 = 0.020 0 =| 2.00% |. 
0 
(c) The energy is proportional to the square of the amplitude, so its fractional rate of decrease is 


twice as fast: 
1 2 1 2 ,-2bt/Zm —bt/m 
E = ae = a0 e = Ege . 


We specify 
DOSE = Ege?" 
0.05 = e7106 
e+3t/10.6 _ 99 


3t _in20=3.00 
10.6 


t=| 10.6 s 
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Section 15.7 Forced Oscillations 
P15.44 (a) For resonance, her frequency must match 
4.30 x 10° 
(290.1 J£- 1 [430x10° N/m _ 5 
2m7 2m im 2r 12.5 kg 
dx ] do 2 í : 
(b) From x= Acosat, v= aE --—Aosinot,and a= m - -Ao* cosat, the maximum acceleration 
is Aw”. When this becomes equal to the acceleration due to gravity, the normal force 
exerted on her by the mattress will drop to zero at one point in the cycle: 
9.80 m/s? (12.5 kg 
dk dubios oS ONU 
p.c 4.30 x 10° N/m 
P15.45  F-300cos(2z1) N and k = 20.0 N/m 
27 
(a) o= a 27 rad/s so T =| 1.00 s 
(b) In this case, Oy = B = qd = 3.16 rad/s 
m 2.00 
The equation for the amplitude of a driven oscillator, 
Ten EURO RN ARM zr 
with b =0, gives A E Jo ox) = zl (3.16) | 
Thus A=0.050 9 m=) 5.09 cm |. 
d?x k 
P15.46 Fo DOARE ay Oo 2H (1) 
x = Acos(ot + 9) (2) 
iL a qs sin(ot + 9) (3) 
dt 
2 
Er - -Ao? cos(at + g) (4) 
dt 
Substitute (2) and (4) into (1): Fy cos at — kA cos(at + ¢) = m(-Ao? cos(ot +¢) 
Solve for the amplitude: (kA - mA o? Jcos(ot + $) = Fo cos æt 


These will be equal, provided only that ø must be zero and kA - mA o? = F 


Fo 


Thus, A = m 
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P15.47 From the equation for the amplitude of a driven oscillator with no damping, 


A- Fy /m 
(o? - o3 
o -2z f - (20025) Dii. = 49.0 s? 
m ($36) 


Fy = mA(o? = og) 


Fy = E x10? (3950 - 49.0) - [318 N 
9.80 


P1548  A- ext / 


With b 20 A Foyt /m Fa. /m oi Foxe /m 
d 2 2C 1A 09 AD A 
(o-o?) Ho os) 0 -00 

Thus, gspip fee Ky eb t 170N 


A m mA 0.150kg (0.150 kg)(0.440 m) 


This yields @ — 8.23 rad/s or æ = 4.03 rad/s 


Then, f-7- gives either f -[ 131 Hz or f - [0.641 Hz 
T 


P15.49 The beeper must resonate at the frequency of a simple pendulum of length 8.21 cm: 


2 
2 1 jz- 1 [9.80 m/s cereal 
2x VL  2z Y 0.0821m 


*P15.50 For the resonance vibration with the occupants in the car, we have for the spring constant of the 
suspension 


f- a k=4n°f?m - Ax" (18 sy 130 kg + 4(72.4 kg)) 21.82 x 10° kg/s? 
2m \m 


p 4(72.4kg)(9.8 m/s?) 
k — 182x10? kg/s? 


-|156x10? m 


Now as the occupants exit x- 
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Additional Problems 


P15.51 Let F represent the tension in the rod. 


(a) At the pivot, F = Mg + Mg =| 2Mg 


v 
L 
weight of the ball pulls down on point P. Thus, the 
tension in the rod at point P is 


m mg|+)+ Ms - M1 + z) 


A fraction of the rod’s weight ms as well as the 


FIG. P15.51 


(b) Relative to the pivot, I = Loa + pay = ZMP + MI? = = ML? 


For the physical pendulum, T = 2x n where m - 2M and d is the distance from the 
msi 


pivot to the center of mass of the rod and ball combination. Therefore, 


M(£)+ML 4 MI? 
d= (5) -3L aan 2m 3 = Sm a . 
M+M 4 (2M) (34) 3Ysg 
4m |2(2.00 m) 
For L=2.00 m, T =| 2.68 s |. 
3 1 9.80 m/s? EXER 


P15.2 (a) Total energy = = kA? = (100 N/m)(0.200 m)? = 2.00 J 


At equilibrium, the total energy is: 
1 21 2 2 
am tm; = 3 (160 kg)v~ = (8.00 kg)o*. 


Therefore, 


(8.00 kg)v? = 2.00 J, and v =| 0.500 m/s |. 


This is the speed of m, and m, at the equilibrium point. Beyond this point, the mass m, 
moves with the constant speed of 0.500 m/s while mass m, starts to slow down due to the 
restoring force of the spring. 
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(b) The energy of the m,-spring system at equilibrium is: 
1 2 1 2 
5 mie = zO kg)(0.500 m/s)“ =1.125 J. 
This is also equal to Shay, where A’ is the amplitude of the m,-spring system. 


Therefore, 


5 (100)(4") = 1125 or A’ 20.150 m. 
The period of the m,-spring system is T = 27, P = 1.885 s 


and it takes zT = 0.471 s after it passes the equilibrium point for the spring to become fully 


stretched the first time. The distance separating m, and m, at this time is: 


D= (£) — A' 2 0.500 m/s(0.471 s) — 0.150 m = 0.085 6 =| 8.56 cm |. 


A-2458 - L6 62 cm 
[n] 


mg 


FIG. P15.53 


P15.54 The maximum acceleration of the oscillating system is 4,4, = Ac? = Az? Af?. The friction force 
exerted between the two blocks must be capable of accelerating block B at this rate. Thus, if Block B 
is about to slip, 


max = Un = umg = m| 4r Af? or Ed 
Ph H HME ( f) An? f? 


P15.55 Deuterium is the isotope of the element hydrogen with atoms having nuclei consisting of one 
proton and one neutron. For brevity we refer to the molecule formed by two deuterium atoms as D 
and to the diatomic molecule of hydrogen-1 as H. 


ok. 
Mp =2My oe ELE MUS d fo = I. =[0.919x10" Hz 
oy [i YMp V2 42 
H 


P15.56 
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The kinetic energy of the ball is K = ne * je. 


where Q is the rotation rate of the ball about its 
center of mass. Since the center of the ball moves 
along a circle of radius 4R, its displacement from 
equilibrium is s=(4R)@ and its speed is 


- us - a?) Also, since the ball rolls without 
dt dt 
slipping, 
jo OARS so o=-2-42) 
dt R dt 


The kinetic energy is then 


10 (dt 


_ 112mR? (2) 
E dt 


When the ball has an angular displacement 6, its center is distance h = AR(1— cos 0) higher than 
when at the equilibrium position. Thus, the potential energy is U, = mgh = 4mgR(1—cos 6). For small 


2 
angles, (1- cos 8) = T (see Appendix B). Hence, U, ~ 2mgR6? , and the total energy is 


E=K+U, = 


2 2 
RES (2) +2mgRO. 
10 dt 


2 2 
Since E = constant in time, ge =0= LMR (2) a zu angr 42. 
dt 5 dt ) dt dt 


2 2 
This reduces to BRE 2 | 20-0, or d t- | 58 y. 
5 dt dt 28R 


With the angular acceleration equal to a negative constant times the angular position, this is in the 


defining form of a simple harmonic motion equation with ø =,=. 


The period of the simple harmonic motion is then T = ze 27 
e 
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P15.57 (a) —L—Ó ——— 


FIG. P15.57(a) 
L dT m 1 dL 
b T 22 |— — Á— 1 
”) "t dt fg VL dt 9 


We need to find L(t) and T: From the diagram in (a), 


iial h 5 - (15. 
2 2 di 2) dt 
But a” = ge —-—pA e . Therefore, 
dt dt dt 
dh 1 dM dL ( 1 \dM Q) 
dt — pA dt’ dt \2pA) dt 
E 1 Y4M 
Also, [dL- í ett (3) 
: 2pA X dt 


Substituting Equation (2) and Equation (3) into Equation (1): 


dT _ zl 1 (=) 1 
dt | Jg 2pa? A dt Li+ ztr(%) l 


(c) Substitute Equation (3) into the equation for the period. 


27 Lo 1 ES; 
Js 2pa° V dt 


Or one can obtain T by integrating (b): 


T= 


far- dog rae 
vi ooe 


2 


But T; = 27 z pee L;+ m) 
g Js 2pn^ V dt 
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P1558 o= ee 
m T 

n2 mw 

5 Az?^m , KT") n( 2) 


(a) k=o°m= T (b) m= - 


P15.59 We draw a free-body diagram of the pendulum. 
The force H exerted by the hinge causes no torque 
about the axis of rotation. 


t=la and —=-a 


d^8 
t= MgLsin0 + kxhcos@= xb 


For small amplitude vibrations, use the 
approximations: sin0 « 0, cos0 «1, and x «s- h0. 


: MgL + kh? 
Therefore, 2 Bear 0-—o?0 
dt I 
fala MgL + kh? 
22 \ ML’ 
*P15.60 (a) In x=Acos(at +), v - —oAsin(ot + 9) 
we have at t=0 v0 = -WÁ SİN $ = —Vmax 
This requires ø = 90°, so x = Acos(ot +90°) 
And this is equivalent to x=—Asinot 
50 N 
Numerically we have m 
0.5k 
and Vmax =@A 20 m/s - (10 s")A A=2m 
So x =(-2 m) sin|(10 g y] 
(b) In l mv? + : kx? = l kA?, — = Smo? | 
2 2 2 2 2 
implies ae kx? + : kx? = : kA? io = A? 
32 2 2 


3 
x= a = +0.866A =| +1.73 m 
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P15.61 


Oscillatory Motion 
9.8 m/s? 
() | e-JS L--$.- ES 0.0080 m 
L e (10 s~) 
(d In x=(-2 m) sin{(10 syl 
the particle is at x=0 at t=0, at 10t = zs, and so on. 
The particle is at x=1m 
ders 4 
when 23 = sin{(10 s y] 
with solutions (10 st JL a 
6 


(a) 


(b) 


(10 s) =7m+ e and so on. FICXEISSS0GI) 


The minimum time for the motion is At in 10At = B S 


ai- (2) s- [0.05245 


At equilibrium, we have Pivot 


Er=0-mg( E) keo 


where x, is the equilibrium compression. 


After displacement by a small angle, FIG. P15.61 


NE w() e = -mg £s -L0)L = -ka? 


2 2 
240 so 20. 3k 


dt? dt? m 


1 
But, Lit=la=— mL 
The angular acceleration is opposite in direction and proportional to the displacement, so 


SS 
zi 


o 1 [Bk 1 |3(100 N/m) 
— - -[123H 
/ xe 2e m aa moe e 


we have simple harmonic motion with | œ 


*P15.62 


P15.63 
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As it passes through equilibrium, the 4-kg object has speed 


tna cote EA = IOCIS, x ESO ROS: 
m 4 kg 


In the completely inelastic collision momentum of the two-object system is conserved. So the new 
10-kg object starts its oscillation with speed given by 

4 kg(10 m/s)+(6 kg)0 = (10 kg WW max 

Umax = 4.00 m/s 


iv ta 
9 max T3 


10 kg(4 m/s)” = (100 N/m)A? 
A=1.26 m 


(a) The new amplitude is given by kA? 


Thus the amplitude has | decreased by 2.00 m-1.26 m =| 0.735 m 


Ak 
(b) The old period was T3 Z =27 5 1265 
Vk 100 N/m 
i 10 5 
The new period is T -2z|—— s^ =1.99s 
V100 
The period has | increased by 1.99 m- 1.26 m =| 0.730 s 
1 2 1 2 

(c) The old energy was 2 max = Pis kg)(10 m/s)” = 200 J 

The new mechanical energy is E kg)(4 m/ s)! -80] 

The energy has | decreased by 120] |. 
(d) The missing mechanical energy has turned into internal energy in the completely inelastic 

collision. 
(a) r- A ae = 3.00 s 

e & 
1 2 1 2 
(b) E- ges 5,16742.06) -|143] 
. . 1 2 Vv 
(c) At maximum angular displacement mgh = S h- gos 0.217 m 
& 


h-L-Lcos0-L(1- cos) cosd= 1-7 0 = 25.5? 
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P15.64 


P15.65 


One can write the following equations of motion: 


T-kx=0 (describes the spring) 
2 
mg—T'-ma-m EE (for the hanging object) 
d^9 1 d?x 
R(T'-T)2I—--2——7 for the pulle 
Qe uc aD ( pulley) 


FIG. P15.64 


with I=} MR? 
2 
Combining these equations gives the equation of motion 
1 d?x 
m+—M |—--kx-mg. 
2 | dt? ? 


The solution is x(t) = Asin øt + n (where Tm arises because of the extension of the spring due to 


the weight of the hanging object), with frequency 


I7 eda LAORE 


(2m 2a\m+iM 2zY0200kg-1M' 
(a) For M =0 f =| 3.56 Hz 
(b For M =0.250 kg f-[279 Hz 
(c) For M = 0.750 kg f=| 2.10 Hz 


Suppose a 100-kg biker compresses the suspension 2.00 cm. 


F 980 N 


Then, k=—= 7 
x 200x10 m 


= 4.90 x10* N/m 


If total mass of motorcycle and biker is 500 kg, the frequency of free vibration is 


4.90 x 10* 
f= 1 j£- 1 [4.90x10" N/m ist 
am im 2m 500 kg 


If he encounters washboard bumps at the same frequency, resonance will make the motorcycle 
bounce a lot. Assuming a speed of 20.0 m/s, we find these ridges are separated by 


20.0 m/s 


i.i 17m ~10' m |. 
00 S 


In addition to this vibration mode of bouncing up and down as one unit, the motorcycle can also 

vibrate at higher frequencies by rocking back and forth between front and rear wheels, by having 
just the front wheel bounce inside its fork, or by doing other things. Other spacing of bumps will 

excite all of these other resonances. 


P15.66 


P15.67 


(a) 


(b) 


(a) 


(b) 
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For each segment of the spring dx M 


Also, 0, = "n and dm= wax. FIG. P15.66 


Therefore, the total kinetic energy of the block-spring system is 


L 2,2 
KS 2 Mo? ltr ma. we 
2 PA ae 


i 2 3 
o= P3 and : m yo? - we 
M eyy 2 2 3 
M+% 
Therefore, T= Mp Qn 3 
ro) k 
Y F=-2Tsin 0j where 0 = tan ! (4) 
Therefore, for a small displacement 
FIG. P15.67 
-2Tv « 
sind stand - 7 and YXr-—7j 


The total force exerted on the ball is opposite in direction and proportional to its 
displacement from equilibrium, so the ball moves with simple harmonic motion. For a 
spring system, 


$ F=-kx  becomeshere ) F= -4y 


[k [2T 
Therefore, the effective spring constant is a and o=, — =., — |. 
L m mL 
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P15.68 (a) Assuming a Hooke's Law type spring, Static stretching of a spring 
F=Mg=kx z at = 1.7386x — 0.1128 
M E ees NE 
and empirically BP a E 
Mg -174x - 0113 * o4Abi i Lila 
E EEEE 
so k=|1.74 N/m+6% |. RACE epe Ep 
a Fr B M eA 
0.0 ! 


M,kg x,m Mg,N 
0.0200 0.17 0.196 


Extension, m 


0.0400 0.293 0.392 Squared period as a function 
0.0500 0.353 049 of the mass of an object 

f ' : ~, bouncing on a spring 
0.0600 0.413 0.588 CREAN 
0.0700 0.471 0.686 bes ieee 
0.0800 0.493 0784 DEP ee ee 

3 A E ae as 
(b) We may write the equation as theoretically Bo IE 0:02 0.04006 0.08 
Mass, kg 
Die An? An? 
d LE FIG. P15.68 


and empirically 


T? =21.7M + 0.0589 


2 
so k- S4 [182 N/m 355 
217 


Times T,s M,kg 15 
7.00 0.708 0.0200 0.494 
9.62 0.962 0.0400 0.925 

10.67 1.067 0.0500 1.138 
1167 1.167 0.0600 1.362 
12.52 1.252 0.0700 1.568 
13.41 1.341 0.0800 1.798 


The k values 1.74 N/m+6% 
and 1.82 N/m+3% differ by 4% 


SO they agree. 


g- 8 grams +12% 


0.058 9 
(c) Utilizing the axis-crossing point, m, = a ) k 


21.7 


in agreement | with 7.4 grams. 
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P15.69 (a) AK AU -0 
Thus, Kio, + Utop 


x: Ubot =0 


top = Kggc +Ubot 


where Kiop 


Therefore, mgh = jl wo”, but 
h=R-Rcos6@= R(1 - cos 8) 


v 
e = 
R 
MR? mr? 2 
ind. deo c ego FIG. P15.69 
Substituting we find 
2 2 2 
mgR(1- cos0) = 1) MR f. mR? |2 
2\ 2 2 R? 
M m? ml, 
mgR(1—cos @) =| —+—~+— |v 
BR | 4 4R? 2 | 
1 
and v? -4gR ( La 
e Fd 2) 
Rg(1 -cos 8 
so v=2 sí = ) 
My ty +2 
(b) T-2x E. 
mr dem 
mR + M(0) 
m,=m+M dm 
* eM m+M 
wale IMR? +4imr? +mR? 
=| 27 
mgR 
: —bt/2m _ A +bt/2m 
P15.70 (a) Werequire Ae ict e =2 
100 k 
or LENTE or  Q100 erig -t=[5.205 
2m 2(0.375 kg) 
The spring constant is irrelevant. 
(b) We can evaluate the energy at successive turning points, where 
cos(wt + ¢)=+1 and the energy is Pe) = skate, We require RAM = x) 
.375 kg(0. 
Or ehm 2 E a uo IEU 2.60s |. 
b 0.100 kg/s 
(c) From E = De. the fractional rate of change of energy over time is 


2 
2 2 
E LkA 1kA A 


two times faster than the fractional rate of change in amplitude. 
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P15.71 


P15.72 


Oscillatory Motion 
(a) When the mass is displaced a distance x from kı k2 
equilibrium, spring 1 is stretched a distance x, and 
spring 2 is stretched a distance x;. 
By Newton's third law, we expect (a) 
ky k2 


kx, =k,x3. 
m 
j 


When this is combined with the requirement that i 
(b) 


X—X1 tX», 


FIG. P15.71 
kz 
we find xQ- x 
ki +k 
. Dos iets kk, 
The force on either spring is given by F, = x= ma 
ky +k, 
where a is the acceleration of the mass m. 
This is in the form F-kgx-ma 
m(k, +k 
and T=20 |— [n (5 tko) 
kof kik, 
(b) In this case each spring is distorted by the distance x which the mass is displaced. Therefore, 
the restoring force is 
F =-(k, +k,)x and kg =k tk; 
m 
so that T =| 27 |[— |. 
(kı * k;) 


Let / represent the length below water at equilibrium and M the tube's mass: 
YF, 202 -Mg + pzr^(g - 0. 
Now with any excursion x from equilibrium 
-Mg + pzr^(t - x)g - Ma. 
Subtracting the equilibrium equation gives 


-pnr?gx - Ma 


2 
a= t Eh -o?x 
M 


The opposite direction and direct proportionality of a to x imply SHM with angular frequency 


2 
ee jomr?g 
M 
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P15.73 For ô max = 5.00°, the motion calculated by the Euler method Motion of a Simple Pendulum 
agrees quite precisely with the prediction of 0 nax cos œt. The 
period is T = 2.20 s. Angle C) 
6 URS UENIE Re Ua 
Time, Angle, Ang. speed Ang. ee 
t (s) 0() (/s) (/s*) A max COS ot 
0.000 5.000 0 0.000 0 40.7815 5.000 0 
0.004 4.999 3 -0.163 1 40.776 2 4.999 7 | Time 
0.008 4.998 0 —0.326 2 —40.765 6 4.998 7 (s) 
0.544 0.056 0 -14.282 3 -0.457 6 0.081 0 
0.548 — -0.0011 -14.284 2 0.009 0 0.023 9 
0.552  -0.0582 -14.284 1 0.475 6 —0.033 3 
Sra Small amplitude 
1.092 -4.9994 -0.319 9 40.776 5 —4.998 9 
1.006 -5.000 0 -0.156 8 40.781 6 —4.999 8 € 
1100 -5.000 0 0.0063 40.7814 -5.000 0 Ee eg 
1.104 —4.999 3 0.169 4 40.775 9 —4.999 6 100 ttt ARUM 
ss t\+-+-+-F- -+-4 
1644  -0.0638 14.282 4 04397  -0.0716 e0 dA 
1.648 0.003 3 14.284 2 —0.027 0 —0.014 5 Ed RN p+- 
1.652 0.060 4 14.284 1 —0.493 6 0.042 7 20 pdt +- | f 
e 0i =y Time 
2.192 49994 03137 40.7768 ^ 49991 EMBUBINRRI T (9 
2.196 5.000 0 0.150 6 40.781 7 4.999 9 -60 |-4 We 
2.200 5.000 0 -0.012 6 —40.781 3 5.000 0 Li \WAd 4 - 
2.204 4.9993 -01757 _ -407756 4.999 4 -100 }-+-4 


For 0,,, = 100°, the simple harmonic motion approximation Large amplitude 
O max COS ot diverges greatly from the Euler calculation. The 


FIG. P15.7 
period is T = 2.71 s, larger than the small-angle period by 23%. uc 


Time, Angle, Ang. speed Ang. nm 
t (s) 0 (°) (7s) (°/ S ) O max COS œt 
0.000 100.000 0 0.0000  -460.6066 100.0000 
0.000 99.9926 -1.8432 . -460.8173 99.9935 
0.008 99.977 6 -3.6865 —460.8382 99.9739 


1.096 -84.7449 | -120.1910 465.9488 -99.995 4 
1.100 -85.2182 -118.327 2 466.2869 -99.999 8 
1.104 -85.6840 -116.4620 466.5886 -99.991 1 


1.348 -99.996 0 -3.053 3 460.8125 -75.797 9 


1.352 —100.000 8 —1.210 0 460.8057 -75.047 4 
1.356 -99.998 3 0.633 2 460.8093 -74.287 0 


2.196 40.150 9 224.8677 -301.713 2 99.997 1 
2.200 41.0455 223.660 9 -307.260 7 99.999 3 
2.204 41.935 3 222.431 8 -312.703 5 99.988 5 


2.704 99.998 5 2.420 0 —460.809 0 12.642 2 
2.708 100.000 8 0.576 8 —460.805 7 11.507 5 
2.712 99.995 7 -1.2664  -460.8129 10.3712 
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Oscillatory Motion 


(a) 


(b) 


(d) 


(e) 


The block moves with the board in what we take as the positive x direction, stretching the 
spring until the spring force —kx is equal in magnitude to the maximum force of static 


m 
friction u,n = umg . This occurs at x = ae. 


Since v is small, the block is nearly at the rest at this break point. It starts almost immediately 
to move back to the left, the forces on it being -kx and +z,mg. While it is sliding the net 
force exerted on it can be written as 


k 
—kx+ uymg = —kx + ams (x Ai ry 


m 
where xX, is the excursion of the block away from the point E 


Conclusion: the block goes into simple harmonic motion centered about the equilibrium 


position where the spring is stretched by B 


The amplitude of its motion is its original displacement, A = aus B HS It first comes to 


umg  , _ (Quy - n. )mg 


rest at spring extension . Almost immediately at this point it 


latches onto the slowly-moving board to move with the board. The board exerts a force of 
static friction on the block, and the cycle continues. 


The graph of 
the motion 
looks like this: 


-——— block moves — 
with board 


block in SHM 
as it springs back 


FIG. P15.74(c) 


2( us — Hk )mg 
ko 

The time for which the block is springing back is one half a cycle of simple harmonic motion, 

1 

2 


The time during each cycle when the block is moving with the board is ar 
v 


C = 2 . We ignore the times at the end points of the motion when the speed of 


the block changes from v to 0 and from 0 to v. Since v is small compared to these 


2A 
"IE 


times are negligible. Then the period is 


continued on next page 


*P15.75 


(j) 


(a) 


(b) 
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2(0.4— 0.25)(0.3 kg)(9.8 m/s? 
f l X03 kg)(98 m/s") kx UP FÉ. 8 06540497 $2356 $ 
(0.024 m/s)(12 N/m) 12 N/m 


Then f -m- 0.281 Hz |. 
2( u,- u,)m m 
T- (us A jing $ zy h increases as m increases, so the frequency | decreases |. 
v 


As k increases, T decreases and f | increases |. 


As v increases, T decreases and f | increases |. 


As (u, — up) increases, T increases and f | decreases |. 


Newton's law of universal gravitation is F= EM = en (5 ar? p 
T T 
4 
Thus, F= {trcn} 
Which is of Hooke’s law form with k= mG 


4 
The sack of mail moves without friction according to AS om =ma 


a= (mer --o?r 


Since acceleration is a negative constant times excursion from equilibrium, it executes SHM 
with 


psi and period (ae EU 
3 ro pG 


The time for a one-way trip through the earth is S Ze 
2 \4eG 


_ GM, _ GAaR2 p _4 
R? 3R? 3 


4G g T R 6.37 x10% m 3 
so ———- and —- f= = 2.53 x 10° s =| 42.2 min |. 
3 (aR,) 2 Ve ^Y 98 m/s? 5 


We have also 


mpGR, 


ANSWERS TO EVEN PROBLEMS 


P15.2 


P15.4 


(a) 4.33 cm; (b) -5.00 cm/s; P15.6 see the solution 
(c) -17.3 cm/s? ; (d) 3.14 s; 5.00 cm 


P15.8 12.0 Hz 


(a) 15.8 cm; (b) -15.9 cm; j 
(c) see the solution; (d) 51.1 m; (e) 50.7m P15.10 — 188 m/s; 7.11 km/ 
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P15.12  (a)126s;(b) 0.150 m/s; 0.750 m/s”; 


1 
(c) x 2 -3 cmcos5t; »-( Sem 
7 
a-( * 37 Jcosst 
S 


P1514 (a) z (b) x= {2) sin ot 


Jsinsi 


P1516 (a) 126 N/m; (b) 0.178 m 
P15.18 (a) 0.153 J; (b) 0.784 m/s; (c) 17.5 m/s? 


P15.20 (a) 100 N/m; (b) 1.13 Hz; 
(c) 1.41 m/s at x - 0; 
(d) 10.0 m/s? at x=+A; (e) 2.00 J; 
(f) 133 m/s; (g) 3.33 m/s? 


P15.22 . (a)1.50s; (b) 73.4 N/m; 
(c) 19.7 m below the bridge; (d) 1.06 rad/s; 
(e) 2.01 s; (f) 3.50 s 

P1524  (a)0.218 s and 1.09 s; (b) 14.6 mW 


P15.26 The position of the piston is given by 
x- Acosat. 


P1528 £C =1,0015 
ST 


P15.30 1.42 s; 0.499 m 

P15.32 (a) 3.65 s; (b) 6.41 s; (c) 4.24 s 

P15.34 (a) see the solution; 
(b), (c) 9.85 m/s? ; agreeing with the 
accepted value within 0.5% 

P15.36 (a) 2.09 s; (b) 4.08% 


P1538 203 u.N-m 


P15.40 see the solution 


P15.42 


P15.44 


P15.46 


P15.48 


P15.50 


P15.52 


P15.54 


P15.56 


P15.58 


P15.60 


P15.62 


P15.64 


P15.66 


P15.68 


P15.70 


P15.72 


P15.74 


see the solution 

(a) 2.95 Hz; (b) 2.85 cm 
see the solution 

either 1.31 Hz or 0.641 Hz 
1.56 cm 


(a) 0.500 m/s; (b) 8.56 cm 


__Hs8 
An? f? 


see the solution 
Ax^m T^Y 
k2——; '= m| — 
(a) k= (o) m n( Z 
(a) x=(-2 m)sin(10t); (b) at x £1.73 m; 
(c) 98.0 mm; (d) 52.4 ms 
(a) decreased by 0.735 m; 
(b) increased by 0.730 s; 


(c) decreased by 120 J; (d) see the solution 


(a) 3.56 Hz; (b) 2.79 Hz; (c) 2.10 Hz 


M+% 
k 


(a) il^ + y (b) T2 22 


see the solution; (a) k- 174 N/m+6%; 
(b) 1.82 N/m x 396; they agree; 
(c) 8 g € 12976; it agrees 


(a) 5.20 s; (b) 2.60 s; (c) see the solution 


see the solution; T = (2) aM 
r J\ peg 


see the solution; (f) 0.281 Hz; 
(g) decreases; (h) increases; (i) increases; 
(j) decreases 


Q16.5 


Q16.6 


Q16.7 


Q16.8 


Q16.9 


Q16.10 


Wave Motion 


ANSWERS TO QUESTIONS 


Q16.1 As the pulse moves down the string, the particles of the string 
itself move side to side. Since the medium—here, the 
string—moves perpendicular to the direction of wave 
propagation, the wave is transverse by definition. 


Q16.2 To use a slinky to create a longitudinal wave, pull a few coils 
back and release. For a transverse wave, jostle the end coil 
side to side. 


| T ; 
Q16.3 From v= ,|— , we must increase the tension by a factor of 4. 
u 


Q16.4 It depends on from what the wave reflects. If reflecting from a 
less dense string, the reflected part of the wave will be right 
side up. 


2zxvA 


Yes, among other things it depends on. Vmax = eA = 2z fA = a Here v is the speed of the wave. 


Since the frequency is 3 cycles per second, the period is : second = 333 ms. 


Amplitude is increased by a factor of 42 . The wave speed does not change. 


The section of rope moves up and down in SHM. Its speed is always changing. The wave continues on 
with constant speed in one direction, setting further sections of the rope into up-and-down motion. 


Each element of the rope must support the weight of the rope below it. The tension increases with 
[T 

height. (It increases linearly, if the rope does not stretch.) Then the wave speed v= |— increases 
u 


with height. 
The difference is in the direction of motion of the elements of the medium. In longitudinal waves, 


the medium moves back and forth parallel to the direction of wave motion. In transverse waves, the 
medium moves perpendicular to the direction of wave motion. 
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Q16.11 


Q16.12 


Q16.13 


Q16.14 


Q16.15 


Q16.16 


Q16.17 


Wave Motion 


Slower. Wave speed is inversely proportional to the square root of linear density. 


As the wave passes from the massive string to the less massive string, the wave speed will increase 
IT : : f 
according to v= ,|— . The frequency will remain unchanged. Since v= fA , the wavelength must 
u 


increase. 


Higher tension makes wave speed higher. Greater linear density makes the wave move more 
slowly. 


The wave speed is independent of the maximum particle speed. The source determines the 
maximum particle speed, through its frequency and amplitude. The wave speed depends instead on 
properties of the medium. 


Longitudinal waves depend on the compressibility of the fluid for their propagation. Transverse 
waves require a restoring force in response to sheer strain. Fluids do not have the underlying 
structure to supply such a force. A fluid cannot support static sheer. A viscous fluid can 
temporarily be put under sheer, but the higher its viscosity the more quickly it converts input 
work into internal energy. A local vibration imposed on it is strongly damped, and not a source of 
wave propagation. 


Let At =t, —t, represent the difference in arrival times of the two waves at a station at distance 


-1 
1 1 . : : 

d — v,H, =v,t, from the hypocenter. Then d= af 2 - 3 . Knowing the distance from the first 
Us V, 

station places the hypocenter on a sphere around it. A measurement from a second station limits it 

to another sphere, which intersects with the first in a circle. Data from a third non-collinear station 

will generally limit the possibilities to a point. 


The speed of a wave on a “massless” string would be infinite! 


SOLUTIONS TO PROBLEMS 


Section 16.1 Propagation of a Disturbance 


P16.1 


Replace xby x-vt= x- 4.5t 
er ee 
la -A5t)? +3] 


to get y= 


P16.2 


P16.3 


P16.4 
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$ x (m) 


Ax (m) 


FIG. P16.2 


5.00€ 9*90* is of the form f(x+ vt) 


so it describes a wave moving to the | left | at v — | 5.00 m/s |. 


(a) 


(b) 


The 


longitudinal 


point B first. 


wave travels a shorter distance and is moving faster, so it will arrive at 


The wave that travels through the Earth must travel 


a distance of 


ata speed of 


Therefore, it takes 


2Rsin 30.0°= 2(6.37 x 10° m) sin 30.0° = 6.37 x 10° m 


7 800 m/s 


6.37 x 10° m 
7 800 m/s 


=817 s 


The wave that travels along the Earth’s surface must travel 


a distance of 


at a speed of 


Therefore, it takes 


s=Ro=R{ 4 rad) = 667 10" m 


4 500 m/s 


6.67 x 10° 
4500 


=1 482 s 


The time difference is 665 s |=11.1 min 


476 Wave Motion 
P16.5 The distance the waves have traveled is d = (7.80 km/s)t = (4.50 km/s)(t - 17.3 s) 
where t is the travel time for the faster wave. 


Then, (7.80 — 4.50)(km/s)t = (4.50 km/s)(17.3 s) 


E (4.50 km/s)(17.3 s) " 
(7.80 — 4.50) km/s 


and the distance is d - (7.80 km/s)(23.6 s) =| 184 km |. 


Section 16.2 Sinusoidal Waves 


P16.6 Using data from the observations, we have 2 =1.20 m 


and 8.00 
12.0 s 
8.00 
Therefore, v = Af = (1.20 m) —— |=| 0.800 m/s 
12.0 s 
P16.7 = 40.0 vibrations 4 Hz 23 425 cm _ 425 cm/s 
30.0 s 3 10.0s 
ja a 005. B.ans 0319 35 


fo + Hz 


P16.8 v = fA = (4.00 Hz)(60.0 cm) = 240 cm/s =| 2.40 m/s 


P16.9 y = (0.020 0 m)sin(2.11x —3.62t) in SI units A=| 2.00 cm 


k=2.11 rad/m A= Pu 2.98 m 
e 
@ = 3.62 rad/s f ==— =| 0.576 Hz 
27 
v=fa D ce 1.72 m/s 
27 k 211 


P16.10 y= (0.0051 m)sin(310x -9.30t) SI units 


zm 990. 8 0860.5/a 
k 310 


s= vt =| 0.300 m in positive x - direction 


*P16.11 


P16.12 


P16.13 


Chapter 16 


From y=(12.0 cm) sin((1.57 rad/m)x - (31.4 rad/s)t) 


ô 
(a) The transverse velocity is E - —Ao cos(kx — at) 


Its maximum magnitudeis ^ Aco-12 cm(314 rad/s)- | 3.77 m/s 


(b) a Be ere eee —Ac? sin(kx — at) 
PUE OE o 
: : 2 EI 2 
The maximum value is Ao" - (0.12 m)(31.4 s ) =| 118 m/s 


At time t, the phase of y = (15.0 cm)cos(0.157x —50.3t) at coordinate x is 


$ = (0.157 rad/cm)x - (50.3 rad/s)t . Since 60.0°= S rad , the requirement for point B is that 


Óp 7 A + rad, or (since xa =0), 


(0.157 rad/cm)xg - (50.3 rad/s)t = 0 - (50.3 rad/s)t i rad. 


+ 
This reduces to xg = Zelan =| +6.67 cm |. 
3(0.157 rad/cm) 


y = 0.250 sin(0.300x — 40.0¢) m 


Compare this with the general expression y = Asin(kx — at) 


(a) A=] 0.250 m 


(b) o =| 40.0 rad/s 


(c) k =| 0.300 rad/m 


2m — 20 " 
k 0.300 rad/m 


() v=fùa= (2 Jr = Lt * ans m)- 
A mT 


(f) The wave moves to the right, | in + x direction |. 


209 m 


(d) A= 
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P16.14 


P16.15 


P16.16 


Wave Motion 


(a) 


(b) 


(a) 


(b) 


(a) 


(b) 


(c) 


See figure at right. 
LL x 
o 50.3 


> t(s) 


This agrees with the period found in the example 
in the text. 


FIG. P16.14 

2 2 
A =Y max =8.00 cm = 0.080 0 m ko c cnp 

À (0.800 m) 

Q = 27 f = 22(3.00) = 6.007 rad/s 
Therefore, y = Asin(kx + at) 
Or (where y(0, t)=0 at t=0) y = (0.080 0) sin(7.85x + 6 t) m 
In general, y = 0.080 0sin(7.85x + 6zt + ø) 
Assuming y(x, 0) 20 at x 20.100 m 
then we require that 0 = 0.080 0 sin(0.785 + 9) 
or $ =-0.785 
Therefore, y = 0.080 0 sin(7.85x + 67 t — 0.785) m 
x (mm) 


FIG. P16.16(a) 


Ax Ax 
k= = =| 18.0 rad 
1 gog [189 red/m | 


M HN 
f 12.0/s 


Q — 2z f = 2112.0/s =| 75.4 rad/s 
[o| = fA =(12.0/s)(0.350 m) = 


y = Asin(kx + at + 9) specializes to 
y =0.200 msin(18.0 x/m+75.4t/s + ¢) 
at x=0, t=0 we require 
-3.00 x 10? m 2 0.200 msin(+¢) 
= 8.63? = 0.151 rad 
so y(x, t) - | (0.200 m)sin(18.0x/m +75.4t/s — 0.151 rad) | 


0.083 3 s 


P1617  y-(0120 m) sin( Zx + act] 


(a) 


(b) 


P1618 (a) 


(b) 


(c) 


(d) 


d 
v=. x =(0.120)(47) eda +4n ] 
dt 8 
v(0.200 s, 1.60 m) =| -1.51 m/s 
a= Z : a = (-0120 my(4z)? sin( Zx + azt 


a(0.200 s, 1.60 m) =| 0 


p À-[160m 
8 A 
27 
ø =4r = — : T =| 0.500 s 
T 
A 160m 
== =| 32.0 
" T 0.5005 
Let us write the wave function as y(x, t) 2 Asin(kx + at + 9) 
y(0, 0) 2 Asin ¢ = 0.020 0 m 
d 
2Y = Ao cos ó = -2.00 m/s 
dt lo. 9 
Also, o= Pos 80.0 z/s 
T 0.0250s 


2 
A? =x? (2) = (0.020 0 m)” 4 
(a) 


Az 0.021 5m 


Asing 0.0200 


= —2.51 = tan 
ACOSÓ = a $ 


Chapter 16 


2.00 m/s 


80.0 z/s 


j 
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Your calculator’s answer tan ! (-2.51) = 11.19 rad has a negative sine and positive cosine, 


just the reverse of what is required. You must look beyond your calculator to find 


$-77z-—1.19 rad =| 1.95 rad 


= Ao =0.0215 m(80.0z/s) =| 5.41 m/s 


Oy, max 


A=0,T =(30.0 m/s)(0.025 0 s) 20.750 m 


AM fe c aU o - 80.0z/s 
A 0.750 m 


y(x, t) 2 (0.0215 m)sin(8.38x rad/m+80.07¢ rad/s +1.95 rad) 
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o (100 m/s) 
À 200m 
æ = 2z f = 2z(0.500/s) =| 3.14 rad/s 


P16.19 (a) f= =| 0.500 Hz 


O) k= 
A 2.00m 


=| 3.14 rad/m 


(c) y = Asin(kx — ot + ¢) becomes 


y =| (0.100 m)sin(3.14x/m —3.14t/s 4-0) 


(d) For x «0 the wave function requires 


y — (0.100 m)sin(-3.14t/s) 


(e) y = (0.100 m)sin(471 rad - 3.141/s) 
(f) v= a =0.100 m(-3.14/s) cos(3.14x/m - 3.14t/s) 


The cosine varies between +1 and -1, so 


v< (0.314 m/s) 


P16.20 (a) at x - 2.00 m, y=| (0.100 m)sin(1.00 rad — 20.0t) 


(b) y = (0.100 m)sin(0.500x — 20.0t) = A sin(kx — at) 


3.18 Hz 


so c - 20.0 rad/s and f=- 
27 


Section 16.3 The Speed of Waves on Strings 


P16.21 The down and back distance is 4.00 m+ 4.00 m = 8.00 m. 


4(8.00 
Theapced isthe qose AO 1e ae |e 
t — 0800s u 


200 k 
Now, za AAS oiia de n 

4.00 m 
So T = pw" - (50x10? kg/m)(40.0 m/s)” -[800 N 


9.0600 kg _ 120x107 


P16.22 The mass per unit length is: u= 
5.00 m 


kg/m. 


The required tension is: T = xw? = (0.012 0 kg /m)(50.0 m/s)” =| 30.0 N |. 
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T | 1350 kg.m/s? 
P16.23 v= = =| 520 m/s 
MESE e 
3140 
P16.24 (a) @ — 2z f = 21(500) 23140 rad/s, k= 2E Jes 16.0 rad/m 
v 
y = (2.00 x10% m)sin(16.0x-3 1404) 
(b) v=196 m/s= = 
410x107 kg/m 
T =| 158 N 
M MgL 
P1625  T-Mg is the tension; v= fF 4 d -j l is the wave speed. 
u T m t 
MgL D? 
Then, BAG = 
m t 
1.60 m(4.00 x 10? kg 
and g- ae z | =| 1.64 m/s? 
Mt” 300kg(3.61x10^ s) 
P16.26 "E 
u 
T = w? = pAv* = pnr*v* 
2 
T - (8920 kg/m? (7.50 107* m) (200 m/s)” 
T =| 631 N 
; ; T od 
P16.27 Since wis constant, “=—-=—, and 
Cor 01 
2 2 
30.0 
Tcl Ran pa m/s | (600 N)=[135N 
Ui 20.0 m/s 
P16.28 The period of the pendulum is T = 27 E 
s 
Let F represent the tension in the string (to avoid confusion with the period) when the pendulum is 
vertical and stationary. The speed of waves in the string is then: 
7 i _ [Mg _ ps 
u NT m 
Ts 
20 


Since it might be difficult to measure L precisely, we eliminate VL = 


m 20 


| T | 
so v= Mg Vs my peta 
2m \ m 
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P16.29 If the tension in the wire is T, the tensile stress is 
Stress = : so  T-A(stress). 
The speed of transverse waves in the wire is 
"T E " A(Stress) » lx E e 7 | Stress 
ul I AL — Vwalume p 
where pis the density. The maximum velocity occurs when the stress is a maximum: 
2.70 x 10° Pa 
U max = =| 185 m/s |. 
max 7 860 kg /m? 
P16.30 From the free-body diagram mg = 2T sind T T 
m. E Xe - 
2sinÓ 
zd 
The angle @ is found from cosg- 5 = i mg 
2 
<. 0 = 414° FIG. P16.30 
2 
(a) a T a mg E: 9.80 m/s Sa 
u | 2usin 41.4 | 2(8.00 x10? kg/m)sin 41.4* 
m/s 
or v=| | 30.4 vn 
vks 
(b) v= 60.0=30.4Vm and | m=3.89 kg 
P16.31 The total time is the sum of the two times. 
In each wire t= Er Lj 
v T 


Let A represent the cross-sectional area of one wire. The mass of one wire can be written both as 
m= pV = pAL and also as m= uL. 


2 
Then we have Hu-pA- xt 
251/2 
Thus, t=L pon 
4T 
= 2 E /2 
(æ )(8 920)(1.00 x 10°) 
For copper, t = (20.0 =0.137 s 
(4)(150) 
f 2 E /2 
(«X7 860)(1.00 x 10) 
For steel, t = (30.0) - 0.192 s 
(4)(150) 
L | 
The total time is 0.137 + 0.192 = | 0.329 s 
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P16.32 Refer to the diagrams. From the free-body diagram of point A: 


DF, =0 >T; sind = Mg and — XF,-0—T,cos0-T 
Combining these equations to eliminate T, gives the tension in the 
Mg 


string connecting points A and B as: T = —— . 
tan ð 


The speed of transverse waves in this segment of string is then 


Mg 
"€ T Z tang _ MgL 
u T \ mtan o 


and the time for a pulse to travel from A to B is 


fx £ _| [mLtan8 
v 4Mg | FIG. P16.32 


1 
*P16.33 (a) fhas units Hz=1/s,so T = F has units of seconds, | s |. For the other T we have T = uo? P 


kg m? _kg-m_ 
2 


s? 


with units N |. 


(b) The first T is | period | of time; the second is | force | of tension. 


Section 16.4 Reflection and Transmission 


Problem 7 in Chapter 18 can be assigned with this section. 


Section 16.5 Rate of Energy Transfer by Sinusoidal Waves on Strings 


30.0 


P1634 9 f= =~ -60.0 Hz c = 2n f - 1202 rad/s 
A 0.500 
1 $43 (| 2 2 
9 == uo? A?v = —| —— (120)? (0.100)? (20.0) = | 1.07 KW 
Heo Atv - =| ZZE 204) (0100)* (80:0) 


P16.35 Suppose that no energy is absorbed or carried down into the water. Then a fixed amount of power is 
spread thinner farther away from the source, spread over the circumference 2zr of an expanding 


circle. The power-per-width across the wave front 


P 


2mr 


is proportional to amplitude squared so amplitude is proportional to 


P 
Qn 
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1 
P16.36 T = constant; v= E PRA zue Ary 
u 


P16.37 


P16.38 


P16.39 


(a) 
(b) 


(c) 


(d) 


A-5.00x10? m 


If Lis doubled, v remains constant and | ? is constant |. 


If A is doubled and wis halved, ? o? A? 


remains constant |. 


2 


A 
If å and A are doubled, the product 0? A? c p remains constant, so 


4 remains constant |. 


If L and 4 are halved, then o? « = is quadrupled, so 
A 


(Changing L doesn't affect 2 ). 


Therefore, v= E =50.0 m/s 
u 


1 FA 
P=— uw A v: 
z” 


? is quadrupled |. 


u=4.00x107 kg/m 2?=300 W 


2(300) 


@=346 rad/s 


e 
[cu 


55.1] Hz 


430.0 g/m-300x10? kg/m 
2=1.50 m 

f=50.0 Hz: . o-2zf-314s! 
2A=0.150m: A=750x10 m 


(a) 


(b) 


(a) 


(b) 


(c) 


(d) 


y- Asin( 2 > ot 


y = (7.50 x10? Jsin(4.19x - 314t) 


2 


o 2x æ 500 


Pe ig gS EE x 10? (314) (7.50 x 102) 


uA (4.00 x10 \(5.00 x 10)" (500) 


314 
4.19 


v= fA 
Am | 2m 
= m 
k | 0.800 


_ 50.0 — 
On 


=| 7.85 m 


f 7.96 Hz 


m/s = 
2m k k 0.800 


62.5 m/s 


uoluptas =(120 x 10° )(50.0)"(0.150)"(62.5) W = 


2 


jw 


T =100 N 


FIG. P16.38 


P =625 W 


21.1 W 


*P16.40 


P16.41 


*P16.42 
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Comparing y — 0.35 sin 107 -37x + z with y= Asin(kx — ot + 4) = Asin(ot — kx — ó- z) we have 


1 
a”, geiurk, A235 Then efi saa i ze US 2 rH. 
m k 32/m 
(a) The rate of energy transport is 
P= jus A?o = (75x10 = kg /m)(10/s) ( 0.35 m)/333 m/s =| 15.1 W]. 


(b) The energy per cycle is 


2 27m 


(0.35 m) A292]. 


poppe i ua A? - 305 x10? kg [m)10/s) ( 


Originally, 


R => uo’ A? £ 
Hu 
$ -—o?A? [Tu 


The doubled string will have doubled mass-per-length. Presuming that we hold tension constant, it 
can carry power larger by 42. times. 


424 |= zo A Tan 


As for a strong wave, the rate of energy transfer is proportional to the square of the amplitude and to 


the speed. We write ?— FvA? where F is some constant. With no absorption of energy, 


2 2 
FO bedrock bedrock = FV muatfit madii 


| @bedrock _ A muqfill _ [25° maar -5 
U mudfill  “pedrock U mudfill 


The amplitude increases by 5.00 times. 
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Section 16.6 The Linear Wave Equation 


P16.43 


*P16.44 


P16.45 


(a) A = (7.00 + 3.00)4.00 yields | A = 40.0 


(b) In order for two vectors to be equal, they must have the same magnitude and the same 
direction in three-dimensional space. All of their components must be equal. Thus, 


7.004 + 0j+3.00k = Ai+ Bj - Ck requires | A=7.00, B=0, and C 23.00 |. 


(c) In order for two functions to be identically equal, they must be equal for every value of 
every variable. They must have the same graphs. In 


A + Bcos(Cx + Dt + E) = 0 +7.00 mmcos(3.00x + 4.001 + 2.00) , 


the equality of average values requires that | A=0 |. The equality of maximum values 


requires | B=7.00 mm |. The equality for the wavelength or periodicity as a function of x 


requires | C 23.00 rad/m | . The equality of period requires | D= 4.00 rad/s |, and the 


equality of zero-crossings requires | E = 2.00 rad |. 


2 2 
f E y 1 Oy 
The linear wave equation is — = 
1 ex? v? Ot? 
If y= ebt) 
then a = -boe 7 and oY. = be? ©) 
ot Ox 
ary ary 
—- p2o2 290-90 and —- be!) 
ot x 
2 2 
Therefore, E =v? = , demonstrating that e" is a solution 
x 
a*y = ay 


The linear wave equation is —-—*+ = —* 
q v? at? ox? 


To show that y= In[b(x - ot)] is a solution, we find its first and second derivatives with respect to x 
and ¢ and substitute into the equation. 


Ad l (m) oy w? s 
ðt b(x—vt) 0? b(x-vt)? (x-0) 
y -1 y b 2 1 
L2 — vt H= 
Ox Isa o! b Som (x - ot)? 
2 v? 2 
Then Lo. d | ) : oy so the given wave function is a solution. 


v0? vw(x-wf (x-0)? o 
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P16.46 (a) From y- x? «v?t?, 


2 
evaluate Eu =2x ow. =2 
Ox ex? 
2 
D - v?21 oe 2v? 
et et 
Oy 18y 
Does —--——-? 
o? v? at? 


TNT 1 m : ; 
By substitution: 2 = — 2v? and this is true, so the wave function does satisfy the wave 
v 


equation. 


(b) Note lg. ot)? 3e gre ane + xot + : vu : x? - xot + : ou" 
2 2 2 2 2 


- x? « v?t? as required. 


So flaro) e (a+ ot and g(x — ot) = ot)? 


(c) y=sinxcosvt makes 
0 e 
FF = cosxcosvt oF = -sinxcosot 
Ox Ox 
0 ae e? 
9 LL —vosinxsinot TY? sin x cos vt 
ôt ot 


f -1 2 aint . 
becomes -sinxcosvt = = sinxcos vt which is true as required. 
U 
Note sin(x + vt) = sin x cos vt + cos x sin vt 
sin(x — vt) = sin x cos vt — cos xsin vt . 


So sinxcosvt = f(x+vt)+g(x-—vt) with 


f(x+vt)= gsm * vt) and g(x-vt)- hon - vt) |. 


Additional Problems 


P16.47 Assume a typical distance between adjacent people —1 m. 


1 
Then the wave speedis v= E us 10 m/s 
At 0.18 
Model the stadium as a circle with a radius of order 100 m. Then, the time for one circuit around the 
stadium is 


25: 2a(10°) 
"v 10 m/s 


=63s|~1 min |. 
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P16.48 | Compare the given wave function y = 4.00 sin(2.00x —3.00t) cm to the general form 
y = Asin(kx — ot) to find 


(a) amplitude A = 4.00 cm =| 0.0400 m 


(b) k- Z = 2.00 cm™ and 4 = zcm- | 0.031 4 m 


(c) @ =2n f -3.00 s! and f =| 0.477 Hz 


(d) Tete 2.09 s 


(e) The minus sign indicates that the wave is traveling in the | positive x-direction |. 
m du dx ; 
P16.49 (a) Let u=10zt-32x+ 1 d 10z -3z UE 0 ata point of constant phase 


dx 10 
u 3- 3.33 m/s 


The velocity is in the | positive x-direction |. 


(b) (0.100, 0) = (0.350 m) sin(-03007 + z) = -0.0548 m =| -5.48 cm 


(c) k=—=32: A=) 0.667 m o=2 f =107: f =| 5.00 Hz 


(d y= = = (0.350)(107) cox 1021 ~30x+ z) vy, max = (107)(0.350) =| 11.0. m/s 


*P16.50 (a) 0.175 m = (0.350 m)sin[(99.6 rad/s)t] 
z sin|(99.6 rad/s)t] =0.5 
The smallest two angles for which the sine function is 0.5 are 30° and 150°, i.e., 0.523 6 rad 


and 2.618 rad. 
(99.6 rad/s)t, = 0.523 6 rad, thus t, = 5.26 ms 


(99.6 rad/s)t; = 2.618 rad, thus t; = 26.3 ms 
At =t, -t4 2263 ms- 5.26 ms =| 21.0 ms 


b Distance traveled by the wave = R At = 726. tadis 21.0 x10 s)=| 1.68 m |. 
y 
k 1.25 rad/m 


P16.51 The equation v= Af isa special case of 


speed = (cycle length) (repetition rate). 


Thus, v - (19.0 10? m/frame)(24.0 frames/s) =| 0.456 m/s |. 
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P16.52 Assuming the incline to be frictionless and taking the positive x-direction to be up the incline: 


YE, =T - Mgsin0- 0 or the tension in the string is T =Mgsin@é 
MgsinO | |MgLsin8 
The speed of transverse waves in the string is then v= | Le | eee = | eon 
H T m 


The time interval for a pulse to travel the string’s length is At = an L us - a 
U MgLsin@ Mg sin8 


P16.53 Energy is conserved as the block moves down distance x: 


(K+U, +U.) o +AE=(K+U,+U,) 
0+ Mgr «00-00 ke? 


2M 
, 2Mg 
k 


(a) T =kx=2Mg = 2(2.00 kg)(9.80 m/s?)-|392 N 


2 
b  L=Ly+x=Lo+ x 
L-0500m4— 2N [9992 
100 N/m 
() — v-J--4— 
Yu Vm 
p- [82Nx0892 m 
Y 50x10? kg 
v=| 83.6 m/s 
ae 
P1654 Mgx= 7“ 
(a) T=kx=| 2Mg 
b) L=Ly+x= 1, «LS 


i v- E- JE- e(r) 
u m m k 
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P16.55 (a) =f = SUN -|179 m/s 
H V(5.00x10? kg/2.00 m) 


(b) From Equation 16.21, ? = i wo" A? and w= 2a{ 2) 


Em a 27° uA? 
A A 


(S 040 0 m)°(179 mys)" 


a 

A 
2/7 ii 
> 27 2.00m 
P= 


(0.160 m)? 
P =1.77 x104 W =| 17.7 kW 


T . ; uv? 
P16.56 v= |— and in this case T — mg ; therefore, m = ——. 
u 


8 


Now v= fA implies v= i so that 


2 1 7 

.250 k 

-4(2) _ 0.250 g/m 187s | - [37 kg]. 
glk 9.80 m/s? | 0.7507m 


2 
*P16.57 Let M = mass of block, m = mass of string. For the block, AF =ma implies T = Mere mo?r . The 
r 


speed of a wave on the string is then 


Pol 
E 


m 0.003 2 kg 
0-ot- - =| 0.0843 rad 
a | 0.450 kg [ 0.0843 rad | 


P16.58 (a) u= dL ilem =A 


7 is E fos p Mrs p] [pars CA 


With all SI units, | v = T m/s 
[o(10?x +107 yuo] 


24.0 


©) Aaa = | (t 700)(0 +107 fao) p 
v| igg- AN =| 66.7 m/s 
aan la 700)( 1 fao) 


10? +10 


943 m/s 


P16.59 


P16.60 


P16.61 


Chapter 16 
T : 
v= E where T = uxg, the weight of a length x, of rope. 
u 
Therefore, V= {Bx 
dx dx 
But v = —, so that dt = 
dt Jex 
L L 
and [ea af 
TI Js 2 Io 8 
At distance x from the bottom, the tension is T — (=) + Mg, so the wave speed is: 
E [TL (=) dx 
v= |-— =,/— =,|xg+| —— | =—. 
u m m dt 
to L MsLNT 2 [ +(MgL/ jm idi 
x m 
(a) Then i je [oe (285) dx t= L 
i A m 8 2 = 
MeL V? (Met V? J 
ZI g ) | g ) E Jm+M - 4M 
g m m g Jm 
(b) When M =0, as in the previous problem, t=2 E vm -0 =| 2 E 
gl Vm g 
(c) As m — 0 we expand de ein y^ -vm jim im. 
P - mM) ~ Mee 


(a) 


(b) 


t ilm - i(m?/M?P |... — 
to obtain a fE Al AM) i /M ) JM 


vm 
L|1 |m mL 
ea kladi) a 


491 


The speed in the lower half of a rope of length L is the same function of distance (from the 


bottom end) as the speed along the entire length of a rope of length B! 


Thus, the time required = 2 E with L' - 
s 


and the time required = 2 = 0.707| 2 F ; 
V2s 8 


It takes the pulse more that 70% of the total time to cover 50% of the distance. 


2 
By the same reasoning applied in part (a), the distance climbed in ris given by d= rr 


4 


For t= L = L , we find the distance climbed — E ; 
2 Vg 4 


In half the total trip time, the pulse has climbed - of the total length. 
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P16.62 


P16.63 


*P16.64 


Wave Motion 


(a) v=- 190a 5.00 m/s in positive x-direction 
k 3.00 
15.0 : : TIS 

(b) v= BUD 5.00 m/s in negative x-direction 
15.0 : : T 

(c) v= 20 7.50 m/s in negative x-direction 
12.0 : TE mr 

(d) 0——1—-| 240 m/s in positive x-direction 


2 


T. 
AL 
AL’ 

L 
wire and AL is the elongation produced by this tension. Also, the mass density of the wire may be 


expressed as p= v 


Young's modulus for the wire may be written as Y = where T is the tension maintained in the 


The speed of transverse waves in the wire is then 
afa: ren 
u X4 p 
po? 


AL 
and the strain in the wire is E - zm 


If the wire is aluminum and v — 100 m/s, the strain is 


AL (27010? kg/m?J(100 m/s)" 
"S 7.00x10? N/m? p 


id h ion of chai h f the loop. A free- 
(a) Consi PE as ort section of chain akt a top of the oop ree LA Ja 
body diagram is shown. Its length is s = R(20) and its mass is T 20 T 
R26. In the frame of reference of the center of the loop, Avis 
Newton’s second law is 


2 2 
2r -ma, 2T sin@ down = 7 down = ARAA PIGSEISGNA) 
For a very short section, sin = and | T = uvg |. 
f T 
(b) The wave speed is v= |— =| vo |. 
u 
(c) In the frame of reference of the center of the loop, each pulse moves with equal speed 
clockwise and counterclockwise. 
-— — -— — -L— 
Ug Ug Ug 


FIG. P16.64(c-1) 


continued on next page 


P16.65 


P16.66 


(a) 


(b) 


(a) 


(b) 
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In the frame of reference of the ground, once pulse moves backward at speed v, + v = 209 
and the other forward at v, - v =0. The one pulse makes two revolutions while the loop 
makes one revolution and the other pulse does not move around the loop. If it is generated 
at the six-o'clock position, it will stay at the six-o'clock position. 


D 
FIG. P16.64(c-2) 


Assume the spring is originally stationary throughout, extended to have a length L much 
greater than its equilibrium length. We start moving one end forward with the speed v at 
which a wave propagates on the spring. In this way we create a single pulse of compression 
that moves down the length of the spring. For an increment of spring with length dx and 
mass dm, just as the pulse swallows it up, )) F = ma 


becomes kdx = adm or E =a. 


dx 


k 
But — = u soa=—. 
dx u 

d 2 
Also, a = =Z when v; 20. But L=vt,soa=—. 
dt t L 


2 
[AL 

Equating the two expressions for a, we have = m or| v= : 
H H 


z E (100 N/m)(2.00 m 
Using the expression from part (a) v = Z| m k , =| 31.6 m/s |. 
8 
1/2 1/2 1/2 
T 2To 
v= = =|v where vp = 
b | Ho | 2n i e : 


e EE - 
v =| — x: =| Uo 
u 34o 3 


T 
Alyg == 2 SLE) 354At, where At) = 
v 2v2 Aa Ug 
L 
Atrignt 77 =0.612Aty 
v' 2 a 3 E 3 3 
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2 2 2k 


1 1 ee 
P16.67 (a) P(x)= = uo? A?o => uo’ Ave (2) = PP Ae ae 


() 0) =| Z9 a2 


P(x) _ | ,-2bx 
(c) a0) E 


4 450 km 
P16.68 | 0-— — 468 km/h - [ 130 
MEISTEN /h.- [130 nys | 


2 2 
FERME UO 1730m 
8 (9.80 m/s?) 


*P16.69 (a) u(x) is a linear function, so it is of the form u(x) 2 mx b 


To have (0) = ug we require b = uy. Then A(L)2 uj 2 mL + ug 


ad pe Hr — Ho 
L 
= ug )X 
Then 1x) = EET, 
d 
(b) From v= = the time required to move from x to x+ dx is “* The time required to move 
v 


from 0 to L is 


At 


B 2L (us? ui?) 
0 
BVT (u, - Ho). - 


ay n do + d + #0) 
BVT (Ju, -Juo Jui * uo) 


2L G + JH Ho e 
BVT Jui. + to 
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ANSWERS TO EVEN PROBLEMS 


P16.2 


P16.4 


P16.6 


P16.8 


P16.10 


P16.12 


P16.14 


P16.16 


P16.18 


P16.20 


P16.22 


P16.24 


P16.26 


P16.28 


P16.30 


P16.32 


P16.34 


P16.36 


see the solution 

(a) the P wave; (b) 665 s 

0.800 m/s 

2.40 m/s 

0.300 m in the positive x-direction 
16.67 cm 


(a) see the solution; (b) 0.125 s; in 
agreement with the example 


(a) see the solution; (b) 18.0/m ; 83.3 ms; 
75.4 rad/s; 4.20 m/s; 
(c) (0.2 m)sin(18x + 75.4t — 0.151) 


(a) 0.021 5 m; (b) 1.95 rad; (c) 5.41 m/s; 


(d) y(x, t)= 
(0.021 5 m) sin(8.38x + 80.07 t + 1.95) 


(a) see the solution; (b) 3.18 Hz 
30.0 N 


(a) y= (0.2 mm)sin(16x -3 140t); 
(b) 158 N 


631 N 


T 
ies. |M 
Axim 


m 
a) v=| 30.4 ——= Wm ; (b) 3.89 k 
(a) | ie (b) g 
mL tan@ 
4Mg 
1.07 kW 


(a), (b), (c) P is constant ; 
(d) ? is quadrupled 


P16.38 


P16.40 


P16.42 


P16.44 


P16.46 


P16.48 


P16.50 


P16.52 


P16.54 


P16.56 


P16.58 


P16.60 


P16.62 


P16.64 


(a) y = (0.075 0) sin(4.19x — 3144); 
(b) 625 W 


(a) 15.1 W; (b) 3.02] 
The amplitude increases by 5.00 times 
see the solution 


(a) see the solution; 
1 2 1 2 
—(x+ vt)” +—(x-vt); 
(b) (x4 of)? +(e at) 


(c) Qno + vt)+ jen - vt) 


(a) 0.040 0 m; (b) 0.0314 m; 
(c) 0.477 Hz; (d) 2.09 s; 
(e) positive x-direction 


(a) 21.0 ms; (b) 1.68 m 


jee ee 
Mg sind 


(a) 2Mg; (b) Ly + = 


2 2 
© l F 2Me) 
m k 
14.7 kg 
(a) v= if in SI units; 


p(107 x «1075) 
(b) 94.3 m/s; 66.7 m/s 


see the solution 


(a) 5.001 m/s; (b) -5.00i m/s; 
(c) -7.50i m/s; (d) 240i m/s 


(a) uvo; (b) vo; 
(c) One travels 2 rev and the other does 
not move around the loop. 
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or, V? P16.68 130 m/s; 173 km 
P16.66 = (a) v= (=) - v2; 
Ho 


1/2 
2T, | 
v'=|—* | =v, : ; (b) 0.966Aty 
3 Lo 3 


Q17.3 


Q17.4 


Q17.5 


Sound Waves 


ANSWERS TO QUESTIONS 


Q17.1 Sound waves are longitudinal because elements of the 
medium—parcels of air—move parallel and antiparallel to the 
direction of wave motion. 


Q17.2 We assume that a perfect vacuum surrounds the clock. The 
sound waves require a medium for them to travel to your ear. 
The hammer on the alarm will strike the bell, and the vibration 
will spread as sound waves through the body of the clock. If a 
bone of your skull were in contact with the clock, you would 
hear the bell. However, in the absence of a surrounding 
medium like air or water, no sound can be radiated away. A 
larger-scale example of the same effect: Colossal storms raging 
on the Sun are deathly still for us. 

What happens to the sound energy within the clock? 
Here is the answer: As the sound wave travels through the 
steel and plastic, traversing joints and going around corners, its 
energy is converted into additional internal energy, raising the 
temperature of the materials. After the sound has died away, 
the clock will glow very slightly brighter in the infrared portion 
of the electromagnetic spectrum. 


Mate l : : 
If an object is 5 meter from the sonic ranger, then the sensor would have to measure how long it 


would take for a sound pulse to travel one meter. Since sound of any frequency moves at about 
343 m/s, then the sonic ranger would have to be able to measure a time difference of under 

0.003 seconds. This small time measurement is possible with modern electronics. But it would be 
more expensive to outfit sonic rangers with the more sensitive equipment than it is to print “do not 


. 1 HU * , 
use to measure distances less than 2 meter" in the users' manual. 


The speed of sound to two significant figures is 340 m/s. Let's assume that you can measure time to 
1 : — ' 
10 second by using a stopwatch. To get a speed to two significant figures, you need to measure a 


time of at least 1.0 seconds. Since d = vt, the minimum distance is 340 meters. 


The frequency increases by a factor of 2 because the wave speed, which is dependent only on the 
medium through which the wave travels, remains constant. 
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Q17.6 


Q17.7 


Q17.8 


Q17.9 


Q17.10 


Q17.11 


Q17.12 


Q17.13 


Sound Waves 


When listening, you are approximately the same distance from all of the members of the group. If 
different frequencies traveled at different speeds, then you might hear the higher pitched 
frequencies before you heard the lower ones produced at the same time. Although it might be 
interesting to think that each listener heard his or her own personal performance depending on 
where they were seated, a time lag like this could make a Beethoven sonata sound as if it were 
written by Charles Ives. 


Since air is a viscous fluid, some of the energy of sound vibration is turned into internal energy. At 
such great distances, the amplitude of the signal is so decreased by this effect you re unable to hear 
it. 


We suppose that a point source has no structure, and radiates sound equally in all directions 
(isotropically). The sound wavefronts are expanding spheres, so the area over which the sound 
energy spreads increases according to A = 4z r°. Thus, if the distance is tripled, the area increases by 
a factor of nine, and the new intensity will be one-ninth of the old intensity. This answer according 
to the inverse-square law applies if the medium is uniform and unbounded. 

For contrast, suppose that the sound is confined to move in a horizontal layer. (Thermal 
stratification in an ocean can have this effect on sonar “pings.”) Then the area over which the sound 
energy is dispersed will only increase according to the circumference of an expanding circle: 

A - Az rh, and so three times the distance will result in one third the intensity. 

In the case of an entirely enclosed speaking tube (such as a ship's telephone), the area 
perpendicular to the energy flow stays the same, and increasing the distance will not change the 
intensity appreciably. 


He saw the first wave he encountered, light traveling at 3.00 x 10? m/s. At the same moment, 
infrared as well as visible light began warming his skin, but some time was required to raise the 
temperature of the outer skin layers before he noticed it. The meteor produced compressional waves 
in the air and in the ground. The wave in the ground, which can be called either sound or a seismic 
wave, traveled much faster than the wave in air, since the ground is much stiffer against 
compression. Our witness received it next and noticed it as a little earthquake. He was no doubt 
unable to distinguish the P and S waves. The first air-compression wave he received was a shock 
wave with an amplitude on the order of meters. It transported him off his doorstep. Then he could 
hear some additional direct sound, reflected sound, and perhaps the sound of the falling trees. 


A microwave pulse is reflected from a moving object. The waves that are reflected back are Doppler 
shifted in frequency according to the speed of the target. The receiver in the radar gun detects the 
reflected wave and compares its frequency to that of the emitted pulse. Using the frequency shift, 
the speed can be calculated to high precision. Be forewarned: this technique works if you are either 
traveling toward or away from your local law enforcement agent! 


As you move towards the canyon wall, the echo of your car horn would be shifted up in frequency; 
as you move away, the echo would be shifted down in frequency. 


Normal conversation has an intensity level of about 60 dB. 


A rock concert has an intensity level of about 120 dB. 

A cheering crowd has an intensity level of about 90 dB. 

Normal conversation has an intensity level of about 50-60 dB. 

Turning a page in the textbook has an intensity level of about 10—20 dB. 


Q17.14 


Q17.15 


Q17.16 


Q17.17 


Q17.18 


Q17.19 


Q17.20 


Q17.21 
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One would expect the spectra of the light to be Doppler shifted up in frequency (blue shift) as the 
star approaches us. As the star recedes in its orbit, the frequency spectrum would be shifted down 
(red shift). While the star is moving perpendicular to our line of sight, there will be no frequency 
shift at all. Overall, the spectra would oscillate with a period equal to that of the orbiting stars. 


For the sound from a source not to shift in frequency, the radial velocity of the source relative to the 
observer must be zero; that is, the source must not be moving toward or away from the observer. 
The source can be moving in a plane perpendicular to the line between it and the observer. Other 
possibilities: The source and observer might both have zero velocity. They might have equal 
velocities relative to the medium. The source might be moving around the observer on a sphere of 
constant radius. Even if the source speeds up on the sphere, slows down, or stops, the frequency 
heard will be equal to the frequency emitted by the source. 


Wind can change a Doppler shift but cannot cause one. Both v, and v, in our equations must be 
interpreted as speeds of observer and source relative to the air. If source and observer are moving 
relative to each other, the observer will hear one shifted frequency in still air and a different shifted 
frequency if wind is blowing. If the distance between source and observer is constant, there will 
never be a Doppler shift. 


If the object being tracked is moving away from the observer, then the sonic pulse would never 
reach the object, as the object is moving away faster than the wave speed. If the object being tracked 
is moving towards the observer, then the object itself would reach the detector before reflected 
pulse. 


New-fallen snow is a wonderful acoustic absorber as it reflects very little of the sound that reaches it. 
It is full of tiny intricate air channels and does not spring back when it is distorted. It acts very much 
like acoustic tile in buildings. So where does the absorbed energy go? It turns into internal 
energy—albeit a very small amount. 


As asound wave moves away from the source, its intensity decreases. With an echo, the sound must 
move from the source to the reflector and then back to the observer, covering a significant distance. 


The observer would most likely hear the sonic boom of the plane itself and then beep, baap, boop. 
Since the plane is supersonic, the loudspeaker would pull ahead of the leading “boop” wavefront 
before emitting the “baap”, and so forth. 

“How are you?" would be heard as "?uoy era woH" 


This system would be seen as a star moving in an elliptical path. Just like the light from a star in a 
binary star system, described in the answer to question 14, the spectrum of light from the star would 
undergo a series of Doppler shifts depending on the star's speed and direction of motion relative to 
the observer. The repetition rate of the Doppler shift pattern is the period of the orbit. Information 
about the orbit size can be calculated from the size of the Doppler shifts. 


SOLUTIONS TO PROBLEMS 


Section 17.1 Speed of Sound Waves 


P17.1 


P17.2 


Since Viignt >> Vsouna: A = (343 m/s)(16.2 s) =| 5.56 km 


[B [2.80 x 10? 
v= = =| 1.43 km/s 
p 13.6 x 10? [143 km/s | 


500 


P17.3 


P17.4 


*P17.5 


Sound Waves 


(20.0 m- 175 m) 


=5.32x10 s 
343 m/s 


Sound takes this time to reach the man: 


so the warning should be shouted no later than 0.300 s +5.32 x 10 s = 0.353 s 
before the pot strikes. 


Since the whole time of fall is given by y = js 18.25 m= 5(0.80 m/s? }t? 
t=1.93 s 

the warning needs to come 1.93 s— 0.353 s = 1.58 s 

into the fall, when the pot has fallen (9.80 m/ s? (1.58 s)? =12.2 m 


to be above the ground by 20.0 m -12.2 m =| 7.82 m 


9 000 
150 


(a)  At9 000 m, AT -( I 1.00*C) = -60.0°C so T = -30.0°C. 


Using the chain rule: 


BO E =U UH. = 0.007 l )- 4 , SO dt = (247 Je 
dt dT dx dt dT dx 150 247 v 
t vr 

[at - Qaz s | 2 

0 Ui v 


i 


t = (247 s2) = (247 on| 
v 


i 


331.5 + 0.607(30.0) 
331.5 + 0.607(-30.0) 


t =| 27.2 s | for sound to reach ground. 


€ 9 000 E 
v [3315 + 0.607(30.0)| 


(b) 25.7 s 


It takes longer when the air cools off than if it were at a uniform temperature. 


Let x; represent the cowboy’s distance from the nearer canyon wall and x, his distance from the 
farther cliff. The sound for the first echo travels distance 2x4. For the second, 2x,. For the third, 
2x, — 2X4 2x, t 2x7- 2%; 


2x, + 2x5. For the fourth echo, 2x, + 2x; + 2x1. Then —1.92 s and =1.47s. 
340 m/s 340 m/s 
Thus x, = 1340 m/s 1.47 s = 250 m and XA E 1.92 s 1.47 s; x, =576 m. 
2 340 m/s 


(a) So xı +x, =| 826m 


(b) 2x1 + 2x, + 2x, — (2x1 +2x3) - X7 
340 m/s 


Chapter17 501 
P17.6 It is easiest to solve part (b) first: 


| 2 
(b) The distance the sound travels to the plane is d, = |i? + =) = E . 


The sound travels this distance in 2.00 s, so 


E" 
2 


d 


S 


=(343 m/s)(2.00 s) = 686 m 


(686 m) _ 


2 
iving the altitude of the plane as h = ——=— = | 614 m |. 


(a) The distance the plane has traveled in 2.00 s is v(2.00 s) = i = 307 m. 


Thus, the speed of the plane is: v = SELON 153 m/s |. 
2.00 s 
Section 17.2 Periodic Sound Waves 
p177 4-2. 99 ms e mm 
f  60.0x10° s~ 
A 26°C 
*P17.8 The sound speed is v =331 m/s [1^ = 346 m/s 
273°C 
(a) Let t represent the time for the echo to return. Then 


1 1 
d=—vt=—346 m/s 24x10? s=] 416 m |. 
5757 5346 mys 24x [416m] 


(b) Let At represent the duration of the pulse: 


104 104 10 10 


At z =| 0.455 us |. 
v 44. f 22x10*4js 
10(346 m/s 
MEE LE - El i57 mm 
f  22x10° 1/s 
1 
*P17.9 If f=1 MHz, a= ; - ms. * -[150 mm 
S 
1500 m/s 
If f = 20 MHz, 2=—— =| 75.0 
f 2x107/s = 
P1710 = AP, = PUM Smax 
400x10? N/m? 
Buts Af mak. | / ) -|155x10 m 


poo — (120 kg/m? (343 m/s)(27)(10.0 x 10° s) 
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P1711 (a)  A=| 2.00 um 


jo” =) ax ms aO en 
15.7 
A. 858 =| 54.6 m/s 
k 157 


(b  s=200 cos{(15.7)(0.050 0)- (858)(3.00 x 10 ) =[ 20.433 um 


(c) Umax = A@ = (2.00 um)(858 s!) = 


P1712 (a AP=(1.27 Pa)sin( Z- OE 
m 


(SI units) 


The pressure amplitude is: AP,,,, =| 1.27 Pa |. 


(b) @ = 27 f - 340z/s,so f =| 170 Hz 


(c) k- = - z/[m, giving A =| 2.00 m 


(d) | v-Af =(2.00 m)(170 Hz) - | 340 m/s 


Ax Ax 


P1713 k=——= =62.8 m! 
A (0.100 m) 
2 22(343 m/s 
o 20v 2t fs). »16x10* 5? 
A (0.100 m) 


Therefore, | AP = (0.200 Pa) sin|62.8 x/m - 246 x 104 t/s] l 


zv _ 2n(343 m/s) 


P1714  o-2zf- B -26x10^ rad/s 


A (0.100 m) 
200 P 
— = 3 EUN pay = 2:25 x 10% m 
poo — (120 kg/m°)(343 m/s)(2.16 x 10* s^) 
poet. cw. nian 
À (0.100 m) 


Therefore, | s = Smax cos(kx— ot) = (2.25 x 10% m) cos(62.8x/m 2.16 x 10* t/s) ; 


20 
P17.15 AP nax = PUM Smax = P ks 


2zpo^s, . — 27(1.20)(343) (5.50 x 10 *) 
© AP di 0.840 


max 


a =| 5.81 m 


P17.16 


*P17.17 
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(a) The sound “pressure” is extra tensile stress for one-half of each cycle. When it becomes 
(0.500%)(13.0 x10" Pa) — 6.50 x 10? Pa, the rod will break. Then, AP, = poo Smax 


. 1 8 2 
m 6.50 x108 N/m Errem 


» poo (892x10? kg/m? (5010 m/s(27500/s) 


(b) From s = Smax cos(kx — at) 


v= = = -OS max Sin(kx — at) 
Umax = C8 max = (27:500/s)(4.68 mm) =| 14.5 m/s 
() I= : (OS max) = i poa. = je x10? kg/m? (5010 m/s)(145 m/s)" 


473x10? W/m? 


Let P(x) represent absolute pressure as a function of x. The net force 
to the right on the chunk of air is -P(x)A — P(x + Ax)A. Atmospheric 


AP ——— -———— 


pressure subtracts out, leaving [-AP(x + Ax) + AP(x)|A =- CAT AA. P(x)A P(x+ Ax)A 
x 


T P ip 
The mass of the air is Am = pAV = pAAx and its acceleration is P So 


Newton’s second law becomes FIG. P17.17 
2 
PAP hahah S : 
Ox at 
af ôs 0?s 
B = 
Ox =) P" at? 
Bos s 
po at? 
Into this wave equation as a trial solution we substitute the wave function s(x, t) = Smax cos(kx — ot) 
we find 
= = —ks max sin(kx — at) 
2 
5 = —k’°s max cos(kx — at) 
= = +08 max Sin(kx — at) 
2 
E = -0° sS max cos(kx — wt) 
2 2 
B 
| m S becomes 75 Sm. cos(kx ~ at) x -0° Smax cos(kx k at) 


2 
This is true provided LU - 4a? f?. 
p 


The sound wave can propagate provided it has 4? f? =v? = E ; that is, provided it propagates with 
p 


speed = E. 
p 
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Section 17.3 Intensity of Periodic Sound Waves 


*P17.18 


P17.19 


P17.20 


P17.21 


P17.22 


The sound power incident on the eardrum is  - IA where I is the intensity of the sound and 
A=5.0x10 m? is the area of the eardrum. 


(a) At the threshold of hearing, I =1.0 x 107”? w/ m? , and 


e =(1.0x10- W/m?)(5.0x10° m?)-| 50010" w |. 


(b) At the threshold of pain, I — 1.0 w/ m? , and 


e - (10 w/m?(50x10? m?)-[500x10? W |. 


I 4.00 x 10 
=10lo =10lo =| 66.0 dB 
f (+) { x | 


I 
a 70.0 dB=10lo 
m unu a] 


Therefore, I =(1.00 x10"? W/m?J107?99 2[100x10? W/m? |. 


2 
200 


AP max = A 2pol = 2(1.20 kg/m? (343 m/s (1.00x10? W/m?) 


1 
I- 2 00 Sma? 


(a) At f = 2500 Hz, the frequency is increased by a factor of 2.50, so the intensity (at constant 
Smax) increases by (2.50) =6.25. 


Therefore, 6.25(0.600) =| 3.75 W/m? |. 
(b) 0.600 W/m? 
2 


ET p 1 
The original intensity is I, = 5 po?s2 v = 22? pof S2 ax 


(a) If the frequency is increased to f' while a constant displacement amplitude is maintained, 
the new intensity is 


2 2 
I, 2x pv(f')s2 p f' 

1, =27° N s2 59 2 = mex = or} I,=|/—] 1, |. 

2 pof") max L 2a? f c f 2 1 


continued on next page 
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f 


(b) If the frequency is reduced to f’= s while the displacement amplitude is doubled, the new 


intensity is 


2 
2 
I= asp £) (2853) m 27° pof ^52 zi 


or the | intensity is unchanged |. 


*P17.23 (a) For the low note the wavelength is 4 =~ = ge =| 2.34 m |. 
$ f 1468/s 
4 
For the high note 2 = BOUE =| 0.390 m |. 
880/s 
; : . 880 Hz 
We observe that the ratio of the frequencies of these two notes is 1468Hz 5.99 nearly 
; Z 


equal to a small integer. This fact is associated with the consonance of the notes D and A. 


(b | f-10dB d 


I ABS 


Apo 


AP nay = 3.16 x10? W/m? 21.20 kg/m? (343 m/s) = 


for both low and high notes. 


aa =75 dB gives I=3.16x10° W/m? 
m 


1 2 1 
(c) I= 2 P mas) > 5 4n" f Smax 


| I 
S = |= 
max 2422 f? 


for the low note, 


«= [346x107 W/m? 1 
max  V22?120 kg/m? 343 m/s 146.8/s 

-5 

GARDE ans CRE eae 

146.8 

for the high note, 
-5 

gia SOS NES MEI TETTE m 

880 
: f . 146.8 880 
(d) With both frequencies lower (numerically smaller) by the factor CUIR 1.093, the 


wavelengths and displacement amplitudes are made 1.093 times larger, and the pressure 
amplitudes are unchanged. 


*P17.24 The power necessarily supplied to the speaker is the power carried away by the sound wave: 
1 2 2 2.2 
P= 5 PAM max) - Am pAof Smax 


= 22^ (1.20 kg/m?) ( 399) tus m/s)(600 1/) (0.112 10? mJ -[212W 
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331 times |. 


P1725 (à l,-(L00x107? w/m?J10^/9 — (1.001077. W/m? 10999? 
or 1,-100x10^ W/m? 
I, - (100x107? W/m?J10(:/9 = (100x107? W/m?J107 e 
or 1,-100x107? W/m? 2316x10? W/m? 
When both sounds are present, the total intensity is 
T=, +1, 2100x10 ^ W/m? +3.16x10° W/m? =| 132x10 W/m? 
(b) The decibel level for the combined sounds is 
1.32x10 W/m? š 
=10lo =10log{1.32 x 10° |2| 81.2 dB |. 
á ae W/m? sl 
*P17.26 (a) We have 1 = - and fis the same for all three waves. Since the speed is smallest in air, Ais 
smallest in air. It is larger by pe =| 4.51 times | in water and by 
331 m/s 
ap 18.0 times in iron |. 
331 
1 2,2 21 ; T f 
(b) From I = — pv@"Sinaxi Smax = ,{— > > Smax İS smallest in iron, larger in water by 
2 pvop 
oU; 7 860- 7 860- 
Ponder =| LOYD 5.60 times |, and larger in air by jee - 
P water O water 1000-1 493 1.29.331 
APS x : . . . 
(c) From I = ; AP max = 21 pu , AP nax is smallest in air, larger in water by 
[1 000-1 493 |7 860-5 950 
———————— =| 59.1 times |, and larger in iron by ,| ——————— =| 331 times |. 
1.29 -331 [59-1 times | 5 Y X 129.331 
331 m/s)2 
dy uat29im ae esr iih 
f o 2 000 z/s 
14 
= LE Lm 1.49 m | in water - EUM 5.95 m | in iron 
1000/s 1000/s 
2x10 5 W/m? 
$a eiie ULIS = =| 1.0910 m | in air 
\ ovon (1.29 kg/m?)(331 m/s)(6 283 1/s) 
-6 
Smax = ey ae 1.84x10 ? m | in water 
y1 000(1 493) 6 283 
-6 
NNNM T2590 10 in iron 
LA 860(5 950) 6 283 


AP nax = V21p0 = [2007 W/m? (1.29 kg/m? 831 m/s = 


AP max — 


AP, max — 


2x10 *(1000)1 493 - [173 Pa 


2x 10°°(7 860)(5 950) = [9.67 Pa 


0.029 2 Pa | in air 


in water 


in iron 


Chapter17 507 


I 
P1727 (a 120 dB 210 dBlog| —— ———- 
(a) iz T 


12100 W/m? =—2— 
/ Az r? 


r=] Poz en NTC 
4x1 ¥4n(1.00 W/m?) 


We have assumed the speaker is an isotropic point source. 


I 
b 0 dB 210 dBlog} ——————- 
(0) ur Vw 


1-100x1077 w/m? 


7 6.00 W 
- - -[691k 
d e | 4n(1.00 x10 W/m?) 


We have assumed a uniform medium that absorbs no energy. 


P17.28 We begin with £, = toig. and f, = Lr so 
0 0 


Pz- Py = tog 2) 
1 


Also, I, = n e and L = 


2 
113 


f2 ITA DR EC 
,giving —-|—|. 
Anni Vals I B 


2 
Then, £, pı - eg.) - 2oiog 2] . 
T) 


T3 


P17.29 Since intensity is inversely proportional to the square of the distance, 


Ap? 10.0)? 
I,-7 IE Io.4 and Io 4 s 
100 2p»  2(1.20)343) 


-0421 W/m?. 


The difference in sound intensity level is 


AB - D la km IE 10(-2.00) = —20.0 dB. 


Io4 km 
At 0.400 km, 
0121 W/m? 
- 101o - 1108 dB. 
Bos (um EM 
At 4.00 km, 


Ba = Bo.4 + AB = (110.8 - 20.0) dB = 90.8 dB. 


Allowing for absorption of the wave over the distance traveled, 


£i, = B4- (7.00 dB/km)(3.60 km) =| 65.6 dB ]. 


This is equivalent to the sound intensity level of heavy traffic. 
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P17.30 Let rı and r, be the distance from the speaker to the observer that hears 60.0 dB and 80.0 dB, 
respectively. Use the result of problem 28, 


f; - By =20 e “4, to obtain 80.0 — 60.0 = 20 log] | 
T T 


Thus, oe“ =1, so r, =10.0r, . Also: rj +r, =110 m, so 
T2 


10.072 +r, =110 m giving | r, =10.0 m |, and | r; = 100 m |. 


P17.31 | We presume the speakers broadcast equally in all directions. 


(a) rAc = N3.00? + 4.00? m=5.00 m 
ge —100x10?W 
Azr? — Ax(5.00 m) 
318x105 W/m? 

10? w/m? 
B -10 dB 6.50 =| 65.0 dB 


-318x10$ W/m? 


B -10 dB ed 


(b) Tgc = 4.47 m 
j 1590x107 W 
4z(4.47 m)? 


-6 
B=10 dB e (Br Tr 


B=| 67.8 dB 


(c) 1-348 uW/m? «597 W/m’ 


=5.97x10° W/m? 


15x 10° 
f-10dBlog 219*10 | =[ 69.6 dB 
10 
P17.32 In =—°_ intensity I is proportional to 2- 
: nis P ey s proportiona n ; 
; I, m 
so between locations 1 and 2: —~=—,. 
1 f5 
1 2. zit : 2 I, sj 
In I= 5 P0(@Snax) , intensity is proportional to s5,,, so T gs 
1 58 
2 2 jM 2 
Then, (2) (= or( (+ , giving n, = 2r; = 2(50.0 m) 2 100 m. 
$1 T5 2 Tz 


But, r, = 4/(50.0 m)? +d” yields d =| 86.6 m |. 


P17.33 f= 101og( : 1- [ro^ 10) W/m? 


(b) 


P17.34 (a) 


(b) 


P1735 (a) 


(b) 


-100 W/m?; I apy = 100x 10? W/m? ; Igo ap) = 100x 107. W/m? 


(o =4ar71 so that rfl, - r2L, 


1/2 m 
I ; 
r=" n - (3.00 2 SOR ca =| 30.0 m 
2 P 
1/2 m 
l 1.00 5 
Yo = (+) = (3.00 2 100x10 =| 9.49 x10” m 


E = pt = 4r r’It = 4z(100 m) (700x107. W/m?)(0.200 s) = 


7.00 x107 
=10lo =| 108 dB 
i (2s x ad 


The sound intensity inside the church is given by 


I 
B= womf E] 


I 
101 dB = (10 dB)In| ———— 
Ue r uw 


1-10 (107 W/m?)-10? w/m? = 0.0126 W/m? 
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We suppose that sound comes perpendicularly out through the windows and doors. Then, 


the radiated power is 


p - 1A - (00126 W/m?J(220 m?) - 0.277 W. 


Are you surprised by how small this is? The energy radiated in 20.0 minutes is 


332] |. 


1.00 min 


E = føt = (0.277 J/s)(20.0 min 60.0 s )- 


If the ground reflects all sound energy headed downward, the sound power, g =0.277 W, 


covers the area of a hemisphere. One kilometer away, this area is 
A - 221? - 22(1000 m)? 2 2 x 105 m?. 
The intensity at this distance is 


o | 0277W 
A 2zx106 m 


-8 2 
+ =441x10°% W/m 


and the sound intensity level is 


46.4 dB |. 


pti ass 441x105 W/m? } 


100x107 w/m? 


510 
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Assume you are 1 m away from your lawnmower and receiving 100 dB sound from it. The intensity 


of this sound is given by 100 dB =10 dBlog TED wi iis 10? W/m? . If the lawnmower 
m 


fo 
Arr 


radiates as a point source, its sound power is given by I = 2 


p =47(1 m)10? W/m? =0.126 W 


Now let your neighbor have an identical lawnmower 20 m away. You receive from it sound with 
0.126 W 


4z(20 m)? 
10? W/m? «25x10? W/m? 210025 x10? W/m’. So its level is 


intensity I = -25x10? w/ m? . The total sound intensity impinging on you is 


1.0025 x 107? 


If the smallest noticeable difference is between 100 dB and 101 dB, this | cannot | be heard as a 
change from 100 dB. 


Section 17.4 The Doppler Effect 


P17.37 


P17.38 


K ( ad Vo) 
coe (vtvs) 
(a) pea 843+400) Hz 
(343 + 20.0) 
(Lu (0434 200) 
Pin que (843400) iili 
(à w=2nf= zl m - mm =12.0 rad/s 


Umax = A = (12.0 rad/s)(1.80 x 10? m) =| 0.0217 m/s 


(b) The heart wall is a moving observer. 
1500 + 0.0217 
f- (==) = (2 000 000 Hz) = =| 2.000 028.9 Hz 
v 1500 
(c) Now the heart wall is a moving source. 


2 000 057.8 Hz 


1 
f" = f'| —— |- (2000029 Hz) a |= 
0-0, 1500—0.0217 


P17.39 


P17.40 


Approaching ambulance: ie se 
(1- vs /v) 
Departing ambulance: hie =e 
(1 -(-vs/ v)) 
Since f'=560 Hz and f" = 480 Hz 5of1 E 2s) = s + 2s) 
v v 
1040$ = 80.0 
v 
80.0(343 
Ug = ise m/s =| 26.4 m/s 
1040 


(a) 


(b) 


The maximum speed of the speaker is described by 


20. 
Omax = | : A= uy Em (0.500 m) = 1.00 m/s 
5.00 kg 


The frequencies heard by the stationary observer range from 


m [^ P. um [^ 
Tun d to fia Jd 


where v is the speed of sound. 


4 
ftis = 440 Hz ae =| 439 Hz 
343 m/s +1.00 m/s 
4 
fmax = 440 Hz ove =| 441 Hz 
343 m/s- 1.00 m/s 


f -10 dB lol 2) =10 dB d 
0 


o/Anr? 
I 


0 
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The maximum intensity level (of 60.0 dB) occurs at r = fmin = 1.00 m. The minimum intensity 


level occurs when the speaker is farthest from the listener (i.e., when 
T =Tmax lmn + 2A = 2.00 m). 


[2 [2 
Thus, Bmax — P, 210 dBlog! ———— |-10 dBlog| ———— 
B P dl 2 | da : 


T Lol min 0 max 


Az Ir? 2 
or P xax iz P min =10 dB d 9 T 0" max =10 dB ed = } 


2 
Az 0" min 9 Tmin 


This gives: 60.0 dB — Smin = 10 dBlog(400) = 6.02 dB, and Bin =| 54.0 dB |. 
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P1741  f'- i 


= 485 = 512 2 
Ü— Us 340 = (—9.80¢;an ) 


485(340) + (485) (9.801 ; ) = (512)(340) 


(sm " 185) 340 
f 485 J980 


=1.93 s 


18.3 


1 5 : 
dy = 5 8s =18.3 m: Log RC E S 


The fork continues to fall while the sound returns. 


P1742 (a) 


(b) 


*P17.43 (a) 


(b) 


(c) 


(d) 


tiotal fall ^ t, t Daum = 1.93 S+ 0.053 8 s= 1.985 S 


1 
diotal = 5 Stoa fal =| 19.3 m 


v= (331 m/s) + 0.6 > —(-10°C) = 325 m/s 


Approaching the bell, the athlete hears a frequency of f- ( Us 


1 v+(-vo) 
After passing the bell, she hears a lower frequency of f" = f| 
v 
The ratio is AE z2 


fl v+vo 6 


v 325 m/s 


hich gives 6v- 6v, = 5v +5v, or Uo = 
w giv v-6v, =5v+50v, o7q T 


29.5 m/s 


Sound moves upwind with speed (343-15) m/s. Crests pass a stationary upwind point at 
frequency 900 Hz. 


Then 45.925 s rein 
f 900/s 
43 -1 
By similar logic, jats O OE 0.398 m 
f 900/s 


The source is moving through the air at 15 m/s toward the observer. The observer is 
stationary relative to the air. 


f= f| = 900 Hz ot} 941 Hz 
v-v 343-15 


S 


The source is moving through the air at 15 m/s away from the downwind firefighter. Her 
speed relative to the air is 30 m/s toward the source. 


peg | Soo rs ee [zog E 938 Hz 
7-0, 343 - (-15) 358 
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*P17.44 The half-angle of the cone of the shock wave is 0 where 


0- ul Üsound | - si 1 ) = 41.89. e" 
U source 1.5 


As shown in the sketch, the angle between the direction of propagation 


of the shock wave and the direction of the plane's velocity is U shock 
¢ = 90°—0 = 90°-41.8° =| 48.2? |. FIG. P17.44 
Pi 
P1745 The half angle of the shock wave cone is given by sin 0 = Ee 
Us 


Uli 2.25 x108 
I ELAT a 
sing sin(53.0°) 


1 
P1746 6=sin7!— sin! —— - | 46.4 
: s ee | 


P1747 (b sing= 2 = —_; 8-195 
v, 3.00 
tanü-—;x- A 
tan 0 
ya 200 B esto SEE en 
tan19.5° 


x  5.66x10*m 
vg  3.00(335 m/s) 


(a) It takes the plane t = 56.3 s | to travel this distance. 


Observer Observer hears the boom 


FIG. P17.47(a) 
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Section 17.5 Digital Sound Recording 


Section 17.6 Motion Picture Sound 


*P17.48 


*P17.49 


*P17.50 


For a 40-dB sound, 


I 
40 dB = 10 dBlog ——————- 
ir uu 
2 
1-105 W/m? = Atm 
20 


AP nax = J2pol = (1.20 kg/m?)(343 m/s)10® W/m? 2287x10? N/m? 


2.87 x10 N/m? 


a code 65 536 =| 7 
(a 28.7 N/m? 
(b) For sounds of 40 dB or softer, too few digital words are available to represent the wave form 
with good fidelity. 
(c) In a sound wave AP is negative half of the time but this coding scheme has no words 


available for negative pressure variations. 


If the source is to the left at angle 0 from the direction you are 0 
facing, the sound must travel an extra distance dsin@ to reach your 


right ear as shown, where d is the distance between your ears. The 


delay time is Af in v= T Then 


-6 
09A und (343 m/s)210x10 ^s - 


22.3? left of center |. ear ear 
0.19 m 


FIG. P17.49 


0-sin- 


I 
103 dB = 10 dBlog —,,—— 
m | 


2 p p 
(a) 1=2.00x10 W/m? = = 
/ Amr?  Ag(16 m)? 


 - [0.642 W 


sound output power 0.642W _ 
total input power 150W 


(b) efficiency = 0.004 28 


Additional Problems 


P17.51 


Model your loud, sharp sound impulse as a single narrow peak in a graph of air pressure versus 
time. It is a noise with no pitch, no frequency, wavelength, or period. It radiates away from you in all 
directions and some of it is incident on each one of the solid vertical risers of the bleachers. Suppose 
that, at the ambient temperature, sound moves at 340 m/s; and suppose that the horizontal width of 
each row of seats is 60 cm. Then there is a time delay of 


0.6 m 


— — —— - 0.002 s 
(340 m/s) 


continued on next page 


P17.52 


P17.53 


P17.54 
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between your sound impulse reaching each riser and the next. Whatever its material, each will 
reflect much of the sound that reaches it. The reflected wave sounds very different from the sharp 
pop you made. If there are twenty rows of seats, you hear from the bleachers a tone with twenty 
crests, each separated from the next in time by 


2(0.6 m) 


———~ = 0.004 s. 
(340 m/s) 


This is the extra time for it to cross the width of one seat twice, once as an incident pulse and once 
again after its reflection. Thus, you hear a sound of definite pitch, with period about 0.004 s, frequency 


E M ~ 300 Hz 
0.003 5 s 
wavelength 
340 
EUN C LEM ETUR 
f  (300/s) 


and duration 


20(0.004 s) -| 10! s |. 


v 343 m/s 
f 14805! 


(a) - [0:232 m 


I 
b = 81.0 dB 210 dBlog| ———— ——- 
(b) E a e 


1=(10-? w/m?t09? =10 w/m? 2126x10* W/m? = i poo?s ax 


2(1.26x10* W/m?) 


Smax = -— - -|8.41x10? m 


poo” V(120 kg/m? 343 m/s)4z?(1 480 s+)? 


v 343 m/s 
f' 13975! 


(c) A= =0.2446m AA=A'-A=| 13.8 mm 


Since cos? O+sin?@=1, sin@=+V1-cos” 0 (each sign applying half the time) 


AP = AP pax sin(kx — ot) = + pV Smax 1 — cos” (kx — ot) 


Therefore AP = +pva|s>ax —s2 ax C08? (kx — ot) = tovor shax — s? 


The trucks form a train analogous to a wave train of crests with speed v —19.7 m/s 


and unshifted frequency f = — — 0.667 min’. 


0 min 
(a) The cyclist as observer measures a lower Doppler-shifted frequency: 
Uc, «ay 19.7 + (7447) - 
"= f| ——* | = [0.667 ———— |=| 0.515 
f ( E ( min | m /min 


» U- 0, . 4v 19.7 + (-1.56) - 
(b) ft (E:8)- (ser min Pe 0.614/min 


The cyclist’s speed has decreased very significantly, but there is only a modest increase in 
the frequency of trucks passing him. 
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2d . ot 1 3 
P17.55 v=—:d=—= 5 (650 x10? m/s)(1.85 s) - [6.01 km 


P17.56 (a) The speed of a compression wave in a bar is 
20.0 x10 2 
T ea ER - [504x109 m/s |. 
p 7860 kg/m 
(b) The signal to stop passes between layers of atoms as a sound wave, reaching the back end of 


the bar in time 


L 
ee SE isos |: 
v 5.04x10° m/s 
(c) As described by Newton’s first law, the rearmost layer of steel has continued to move 


forward with its original speed v; for this time, compressing the bar by 


AL = oj = (120 m/s)(1.59 x10 * s =1.90 x10 m - [190 mm |. 


AL 10x10? m 
L | 080m 


(d) The strain in the rod is: 238x10? |. 


(e) The stress in the rod is: 


c= (=) = (20.0 x10" N/m? (2.38 10?) - [ 476 MPa |. 


Since o > 400 MPa, the rod will be permanently distorted. 


(f) We go through the same steps as in parts (a) through (e), but use algebraic expressions 
rather than numbers: 


The speed of sound in the rod is v = E ; 
p 


The back end of the rod continues to move forward at speed v; for a time of t — ae L x 
U 


a 


traveling distance AL = v;t after the front end hits the wall. 


The strain in the rod is: i -—-w-. 


The stress is then: o = (=) = ve, [2 =O PY; 


For this to be less than the yield stress, Oy, it is necessary that 


Viy PY «cor | v; < 


With the given numbers, this speed is 10.1 m/s. The fact that the length of the rod divides 
out means that the steel will start to bend right away at the front end of the rod. There it will 
yield enough so that eventually the remainder of the rod will experience only stress within 
the elastic range. You can see this effect when sledgehammer blows give a mushroom top to 
a rod used as a tent stake. 


P17.57 


P17.58 


P17.59 


(a) 


(b) 


(a) 


(b) 
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v 
r-i 
(v ~ Udiver ) 
_ Udiver Ws 
v f 
> Üüiver = fı = £) 
f 
with v =343 m/s, f'=1800 Hz and f =2150 Hz 


so 1 


we find 


1800 
iver = 043} 1 55.8 ‘ 
U diver | 2150 | m/s 


If the waves are reflected, and the skydiver is moving into them, we have 


"o (0+ Vdiver) Wis, U (0+ vais) 
fs fof f ; 


(v - vae. v 
so fr=1800 eT 2500 Hz |. 
o fe Ke 
I Ac v "ere " A f 
130 km/h=36.1 m/s D E 85.9 Hz 


340[1 - (36.1)? /3407| f 


: Taa : EU, v-v 
When observer is moving in front of and in the same direction as the source, f' = f ——? where vo 


0 — Ug 


and v; are measured relative to the medium in which the sound is propagated. In this case the 
ocean current is opposite the direction of travel of the ships and 


Therefore, f' = (1200.0 Hz) =| 1204.2 Hz |. 


Vo = 45.0 km/h-(-10.0 km/h) 255.0 km/h =15.3 m/s, and 
vs = 64.0 km/h -(-10.0 km/h) 2740 km/h = 20.55 m/s 


1520 m/s—15.3 m/s 


1520 m/s - 20.55 m/s 
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P17.60 | Use the Doppler formula, and remember that the bat is a moving source. 


If the velocity of the insect is v,, 


(340 + 5.00)(340 — o, ) 


40.4 = 40.0 
(340 — 5.00)(340 +v, ) 


Solving, 


v, =3.31 m/s. 


Therefore, | the bat is gaining on its prey at 1.69 m/s l. 


P17.61 sin nis oe Rag shock front 
Us Nm | e 
m Y i e Us 
h- v(12.8 s) i | Be 
T n | | ^^ shock front 
TT EE, SN E 
vs Nm 
z FIG. P17.61 
as sinf 1 
tang 1.28 
B=38.6° 
M> E =| 1.60 
sin f 
P17.62 (a) 
O3 
FIG. P17.62(a) 
4 
() | A-2238 T5 933m 
f 1000s 
- 343 — 40.0 
(© v=-2-2(2 s -f ) mys _ 79303 m 
fi fX 2 1000 s 
343 + 40.0 
(d 0 a"'-— (Ef +400) m/s 10383 m 
f" ft v 1000 s 


(343 — 30.0) m/s 
(343—40.0) m/s - 


1.03 kHz 


(e) p= (£55 (100m Hz) 


0—Ug 


P17.63 


P17.64 


P17.65 


P17.66 


P17.67 
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At=L 1 1 E A = Pair 
[ Vv 


UairÜcu 


. 331 m/s)(3.56 x 10? m/s 
L = —airPcu ies isk / )a0107 s 
Vou — Vair (3 560-331) m/s 


L=2.34m 


— 


The shock wavefront connects all observers v 
first hearing the plane, including our observer rod 
O and the plane P, so here it is vertical. The ee 

angle ¢ that the shock wavefront makes with b > 
the direction of the plane’s line of travel is á 
given by 


v — 340 m/s 
vs 1963 m/s 


— 0.173 


sing = 


so ¢=9.97°. 


Using the right triangle CPO, the angle ĝis 
seen to be FIG. P17.64 


0 = 90.0°—¢ = 90.0?—9.97? =| 80.0? |. 


(a) 0- i Sa | = si oe =| 0.948° 


(b) =s =i z)- 4.40° 


1 1 

= = 10log —- 

2 20.0 $91 Bı- 8 0s 
80.0— £ -101og 20.0 = +13.0 

B2 =| 67.0 dB 


1/2 
For the longitudinal wave v; = B : 
p 


1/2 
For the transverse wave v, = (=| à 
u 
If we require wh = 8.00, we have T = IHE. where u= 7 and 
Ur 640p L 


mass m 


volume  zr?L 


zriy s(200x10? m) (6.80%10" N/m?) 
640 — 640 


-|134x10* N |. 


This gives T — 
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P17.68 The total output sound energy is eE = (At, where fo» is the power radiated. 
eE eE eE eE 


Thus, At = = = : 
p IA (4x r? )I Az d?l 
But, 2 =10l0g H Therefore, I = I (102°) and At = Lan ae 
; Io TOSS 4 d? 1510/10 
P17.69 (a) If the source and the observer are moving away from each other, we have: 0; — 09 =180°, 


and since cos180? - -1, we get Equation 17.12 with negative values for both vo and vs. 


(D  Ifvg =0 m/s then f'2 —— —— 
U — Us COSA, 
Also, when the train is 40.0 m from the intersection, and the car is 30.0 m from the 
intersection, 
4 
cos Âs = 5 
343 
so f'- us (500 Hz) 
343 m/s—0.800(25.0 m/s) 
or f'=| 531 Hz |. 


Note that as the train approaches, passes, and departs from the intersection, 05 varies from 
0° to 180° and the frequency heard by the observer varies from: 


343 
fax = : f= Hs (500 Hz) 2 539 Hz 
v—vscos0°” 343 m/s- 25.0 m/s 
4 
fias : f 343 mys  — (500 Hz) = 466 Hz 


v—v5c0s180?' 343 m/s+25.0 m/s 


P17.70 Let T represent the period of the source vibration, and E be the energy put into each wavefront. 
E 
Then Øw = T When the observer is at distance r in front of the source, he is receiving a spherical 


wavefront of radius vt, where t is the time since this energy was radiated, given by vt- vst =r. Then, 


0 — Ug 
; 2_ Amur : 
The area of the sphere is 4z(vf)" = — — —. The energy per unit area over the spherical wavefront 
U— Us 
2 
E T(v-o 
is uniform with the value — = £% ( 5 os) 
4m vor 


The observer receives parcels of energy with the Doppler shifted frequency 


ra T(v - vs) 


(e Er (c )- s] | 


, SO the observer receives a wave with intensity 
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P17.71 (a) The time required for a sound pulse to travel distance L at L i 
L L 
speed v is given by t = — = ———. Using this expression 
P 8 y " Nip 8 P i 
we find 
FIG. P17.71 
R: il 2 =(1.96x10*L,) s 
V¥a/P1 (700x10 N/m?) /(2700 kg/m?) 
_150m-L _ 1.50 m- L; 


” aae (1-50%10" N/m?) /(11.310° kg/m?) 


ort, =(1.26x10° -840x10 *1,)s 


B 1.50 m 
(110107. N/m5) /(8800 kg/m?) 


t, = 424x107 s 


We require £4 +t, = t4, or 
1.96 x10 ^L, +1.26 x10? -8.40 x 10 ^L, = 4.24 x 10%. 


This gives L4 =1.30 m and L, =1.50 -1.30 = 0.201 m. 


The ratio of lengths is then 2 =| 6.45 |. 
2 


L 
(b) The ratio of lengths ~ is adjusted in part (a) so that t; + t; = t4. Sound travels the two paths 
2 


in equal time and the phase difference, | Ag=0 |. 


P17.72 To find the separation of adjacent molecules, use a model where each molecule occupies a sphere of 
radius r given by 


average mass per molecule 


air 4 3 
zar 


1/3 
482x10% kg . |93(482x107 kg) í 
E r= 22412x10'* m. 


1.20 kg/m? j 
d g/m tar? Az(1.20 kg/m?) 


Intermolecular separation is 2r = 4.25 x 10 ? m, so the highest possible frequency sound wave is 


v v 343 m/s 
Triak E = = / 


A Ser COTE: = 8.03 x 10? Hz] ~10" Hz |. 
min Y „4 X m 
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ANSWERS TO EVEN PROBLEMS 


P17.2 


P17.4 


P17.6 


P17.8 


P17.10 


P17.12 


P17.14 


P17.16 


P17.18 


P17.20 


P17.22 


P17.24 


P17.26 


P17.28 


P17.30 


P17.32 


P17.34 


1.43 km/s 


(a) 27.2 s; (b) longer than 25.7 s, because 
the air is cooler 


(a) 153 m/s; (b) 614 m 
(a) 4.16 m; (b) 0.455 us; (c) 0.157 mm 


155x107? m 


(a) 1.27 Pa; (b) 170 Hz; (c) 2.00 m; 
(d) 340 m/s 


5-225 nmcos(62.8x -2416x 10*t) 


(a) 4.63 mm; (b) 14.5 m/s; 
(c) 473x10? W/m? 


(a) 5.00x10 7 W; (b) 5.00x10? W 


(a) 1.00 x10 W/m?; (b) 90.7 mPa 


f 2 
(a) I5 -(£| h; b) 1, =], 


21.2 W 


(a) 4.51 times larger in water than in air 
and 18.0 times larger in iron; 

(b) 5.60 times larger in water than in iron 
and 331 times larger in air; 

(c) 59.1 times larger in water than in air 
and 331 times larger in iron; 

(d) 0.331 m; 1.49 m; 5.95 m; 10.9 nm; 

184 pm; 32.9 pm; 29.2 mPa; 1.73 Pa; 9.67 Pa 


see the solution 
10.0 m; 100 m 
86.6 m 


(a) 1.76 KJ; (b) 108 dB 


P17.36 


P17.38 


P17.40 


P17.42 


P17.44 


P17.46 


P17.48 


P17.50 


P17.52 


P17.54 


P17.56 


P17.58 


P17.60 


P17.62 


P17.64 


P17.66 


P17.68 


P17.70 


P17.72 


no 


(a) 2.17 cm/s; (b) 2000 028.9 Hz; 
(c) 2 000 057.8 Hz 


(a) 441 Hz; 439 Hz; (b) 54.0 dB 

(a) 325 m/s; (b) 29.5 m/s 

48.2° 

46.4° 

(a) 7; (b) and (c) see the solution 

(a) 0.642 W ; (b) 0.004 28 = 0.428% 

(a) 0.232 m; (b) 84.1 nm; (c) 13.8 mm 
(a) 0.515/min; (b) 0.614/min 

(a) 5.04 km/s; (b) 159 us; (c) 1.90 mm; 
(d) 0.002 38; (e) 476 MPa; 

(f) see the solution 

(a) see the solution; (b) 85.9 Hz 


The gap between bat and insect is closing 
at 1.69 m/s. 


(a) see the solution; (b) 0.343 m; 
(c) 0.303 m; (d) 0.383 m; (e) 1.08 KHz 


80.0? 
67.0 dB 


eE 
ALS — ám 
4z d? 1910//10 


see the solution 


—10! Hz 


Q18.4 


Q18.5 


Q18.6 


Q18.7 


Q18.8 


Q18.9 


Superposition and Standing Waves 


ANSWERS TO QUESTIONS 


Q18.1 No. Waves with other waveforms are also trains of disturbance 
that add together when waves from different sources move 
through the same medium at the same time. 


Q18.2 The energy has not disappeared, but is still carried by the wave 
pulses. Each particle of the string still has kinetic energy. This is 
similar to the motion of a simple pendulum. The pendulum 
does not stop at its equilibrium position during 
oscillation—likewise the particles of the string do not stop at 
the equilibrium position of the string when these two waves 
superimpose. 


Q18.3 No. A wave is not a solid object, but a chain of disturbance. As 
described by the principle of superposition, the waves move 
through each other. 


They can, wherever the two waves are nearly enough in phase that their displacements will add to 
create a total displacement greater than the amplitude of either of the two original waves. 

When two one-dimensional sinusoidal waves of the same amplitude interfere, this 
condition is satisfied whenever the absolute value of the phase difference between the two waves is 
less than 120°. 


When the two tubes together are not an efficient transmitter of sound from source to receiver, they 
are an efficient reflector. The incoming sound is reflected back to the source. The waves reflected by 
the two tubes separately at the junction interfere constructively. 


No. The total energy of the pair of waves remains the same. Energy missing from zones of 
destructive interference appears in zones of constructive interference. 


Each of these standing wave patterns is made of two superimposed waves of identical frequencies 
traveling, and hence transferring energy, in opposite directions. Since the energy transfer of the 
waves are equal, then no net transfer of energy occurs. 


Damping, and non-linear effects in the vibration turn the energy of vibration into internal energy. 
The air in the shower stall can vibrate in standing wave patterns to intensify those frequencies in 
your voice which correspond to its free vibrations. The hard walls of the bathroom reflect sound 


very well to make your voice more intense at all frequencies, giving the room a longer reverberation 
time. The reverberant sound may help you to stay on key. 
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Q18.10 


Q18.11 


Q18.12 


Q18.13 


Q18.14 


Q18.15 


The trombone slide and trumpet valves change the length of the air column inside the instrument, 
to change its resonant frequencies. 


The vibration of the air must have zero amplitude at the closed end. For air in a pipe closed at one 
end, the diagrams show how resonance vibrations have NA distances that are odd integer 
submultiples of the NA distance in the fundamental vibration. If the pipe is open, resonance 
vibrations have NA distances that are all integer submultiples of the NA distance in the 
fundamental. 


FIG. Q18.11 


What is needed is a tuning fork—or other pure-tone generator—of the desired frequency. Strike the 
tuning fork and pluck the corresponding string on the piano at the same time. If they are precisely 
in tune, you will hear a single pitch with no amplitude modulation. If the two pitches are a bit off, 
you will hear beats. As they vibrate, retune the piano string until the beat frequency goes to zero. 


Air blowing fast by a rim of the pipe creates a “shshshsh” sound called edgetone noise, a mixture of 
all frequencies, as the air turbulently switches between flowing on one side of the edge and the 
other. The air column inside the pipe finds one or more of its resonance frequencies in the noise. The 
air column starts vibrating with large amplitude in a standing wave vibration mode. It radiates 
sound into the surrounding air (and also locks the flapping airstream at the edge to its own 
frequency, making the noise disappear after just a few cycles). 


A typical standing—wave vibration possibility for a bell is similar to that for the glass shown in 
Figure 18.17. Here six node-to-node distances fit around the circumference of the rim. The 
circumference is equal to three times the wavelength of the transverse wave of in-and-out bending 
of the material. In other states the circumference is two, four, five, or higher integers times the 
wavelengths of the higher-frequency vibrations. (The circumference being equal to the wavelength 
would describe the bell moving from side to side without bending, which it can do without 
producing any sound.) A tuned bell is cast and shaped so that some of these vibrations will have 
their frequencies constitute higher harmonics of a musical note, the strike tone. This tuning is lost if 
a crack develops in the bell. The sides of the crack vibrate as antinodes. Energy of vibration may be 
rapidly converted into internal energy at the end of the crack, so the bell may not ring for so long a 
time. 


The bow string is pulled away from equilibrium and released, similar to the way that a guitar string 
is pulled and released when it is plucked. Thus, standing waves will be excited in the bow string. If 
the arrow leaves from the exact center of the string, then a series of odd harmonics will be excited. 
Even harmonies will not be excited because they have a node at the point where the string exhibits 
its maximum displacement. 


Q18.16 


Q18.17 


Q18.18 


Q18.19 


Q18.20 


Q18.21 
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Walking makes the person's hand vibrate a little. If the frequency of this motion is equal to the 
natural frequency of coffee sloshing from side to side in the cup, then a large-amplitude vibration of 
the coffee will build up in resonance. To get off resonance and back to the normal case of a small- 
amplitude disturbance producing a small-amplitude result, the person can walk faster, walk slower, 
or get a larger or smaller cup. Alternatively, even at resonance he can reduce the amplitude by 
adding damping, as by stirring high-fiber quick-cooking oatmeal into the hot coffee. 


Beats. The propellers are rotating at slightly different frequencies. 


Instead of just radiating sound very softly into the surrounding air, the tuning fork makes the 
chalkboard vibrate. With its large area this stiff sounding board radiates sound into the air with 
higher power. So it drains away the fork's energy of vibration faster and the fork stops vibrating 
sooner. This process exemplifies conservation of energy, as the energy of vibration of the fork is 
transferred through the blackboard into energy of vibration of the air. 


The difference between static and kinetic friction makes your finger alternately slip and stick as it 
slides over the glass. Your finger produces a noisy vibration, a mixture of different frequencies, like 
new sneakers on a gymnasium floor. The glass finds one of its resonance frequencies in the noise. 
The thin stiff wall of the cup starts vibrating with large amplitude in a standing wave vibration 
mode. A typical possibility is shown in Figure 18.17. It radiates sound into the surrounding air, and 
also can lock your squeaking finger to its own frequency, making the noise disappear after just a few 
cycles. Get a lot of different thin-walled glasses of fine crystal and try them out. Each will generally 
produce a different note. You can tune them by adding wine. 


Helium is less dense than air. It carries sound at higher speed. Each cavity in your vocal apparatus 
has a standing-wave resonance frequency, and each of these frequencies is shifted to a higher value. 
Your vocal chords can vibrate at the same fundamental frequency, but your vocal tract amplifies by 
resonance a different set of higher frequencies. Then your voice has a different quacky quality. 

Warning: Inhaling any pressurized gas can cause a gas embolism which can lead to stroke or 
death, regardless of your age or health status. If you plan to try this demonstration in class, inhale 
your helium from a balloon, not directly from a pressurized tank. 


Stick a bit of chewing gum to one tine of the second fork. If the beat frequency is then faster than 4 
beats per second, the second has a lower frequency than the standard fork. If the beats have slowed 
down, the second fork has a higher frequency than the standard. Remove the gum, clean the fork, 
add or subtract 4 Hz according to what you found, and your answer will be the frequency of the 
second fork. 


SOLUTIONS TO PROBLEMS 


Section 18.1 Superposition and Interference 


P18.1 


Y -y4 +Y, = 3.00 cos(4.00x — 1.601) + 4.00sin(5.0x —2.00t) evaluated at the given x values. 


(a) x 21.00, t — 1.00 y —-3.00cos(2.40 rad) + 4.00 sin(+3.00 rad) =| -1.65 cm 


(b) x 21.00, t = 0.500 y = 3.00 cos(+3.20 rad) + 4.00 sin(+4.00 rad) =| —6.02 cm 


(c) x=0.500, t=0 y = 3.00 cos(+2.00 rad) + 4.00 sin(+2.50 rad) =| 1.15 cm 
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P18.2 


P18.3 


P18.4 


P18.5 


y (cm) 


FIG. P18.2 


(a) yı = f(x- vt), so wave 1 travels in the | +x direction 


Yz = f(x+vt), so wave 2 travels in the | —x direction 


(b) To cancel, y; + y; =0: 


5 +5 


(3x - 4t)? - (3x - 4t- 6)? 


3x-4 


for the positive root, 81-6 


t=+(3x+ 4t-6) 


(at t=0.750 s, the waves cancel everywhere) 


(c) for the negative root, 6x-6 


(at x 2 1.00 m, the waves cancel always) 


Suppose the waves are sinusoidal. 


Thesumis (4.00 cm)sin(kx — ot) + (4.00 cm)sin(kx — wt + 90.09) 


2(4.00 cm) sin(kx — æt + 45.0?) cos 45.0? 


So the amplitude is (8.00 cm) cos 45.0° = 


5.66 cm |. 


The resultant wave function has the form 


í A ra 
y- 24 cod $ in ost) 


(à A=2A, cof £) = 2(6.00)cos| ^. -[924m 


00  1200z _ 
2n 2m 


600 Hz 


(3x-4t) +2 (3x+4t-6) +2 


t=0.750 s 


x=1.00 m 


P18.6 


P18.7 


P18.8 


P18.9 


Chapter 18 
2Ag cof) = Ag SO 2. cos ( : = 60.0 - Z 
2 2 2 3 
Thus, the phase difference is ¢=120°= Mm 
3 
This phase difference results if the time delay is Tone 
3 3f 3v 
Tedy ON NE 
3(2.00 m/s) 

(a) If the end is fixed, there is inversion of the pulse upon reflection. Thus, when they meet, 

they cancel and the amplitude is | zero |. 
(b) If the end is free, there is no inversion on reflection. When they meet, the amplitude is 

2A = 2(0.150 m) =| 0.300 m |. 
(a) Ax = 49.00 + 4.00 — 3.00 = 413 —3.00 = 0.606 m 

4 
The wavelength is eE sys =114m 
f 300 Hz 
Thus, E = Deus. = 0.530 of a wave, 
A 114 

or Aó = 27(0.530) =| 3.33 rad 

(b) For destructive interference, we want = = 0.500 = f zs 
U 
v 343 


283 Hz 


where Ax is a constant in this setup. f= 


2Ax 2(0.606) _ 


We suppose the man's ears are at the same level as the lower speaker. Sound from the upper 


speaker is delayed by traveling the extra distance VL? +d? —L. 


2n —1)A 
He hears a minimum when this is ee with n - 1, 2, 3, ... 


Then, aw dp Dco 
Big SM, 
pup e 12)v? ., 2(n-1/2)oL 
y f 


_&-(n-y2 vr 
2(n -1/2)o/f 


n=1, 2, 3,... 
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This will give us the answer to (b). The path difference starts from nearly zero when the man is very 


far away and increases to d when L = 0. The number of minima he hears is the greatest integer 


-1/2 
solution to d 2 [EST 


df 


] 1 
n= greatest integer < ps t— 


continued on next page 
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P18.10 
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df 1 (4.00 m)(200/s) 


(a) +—= + : -292 


v 2 330 m/s 2 


He hears | two | minima. 


(D  Withn=1, 


d^-(12) v?/f? (400 m)? - (330 m/s)” /'4(200/s)” 
2(1/2)o/f —— (330 m/s)/200/s 
L-[928m 


with n = 2 


P -Gny ve 3eg a]. 
2(3/2)v/ f 


Suppose the man's ears are at the same level as the lower speaker. Sound from the upper speaker is 


delayed by traveling the extra distance Ar = JI? +d? —L. 


He hears a minimum when Ar = (2n — (3) with n =1, 2, 3, ... 


Then, L +d? -L= [n — a" 


e dag 
^36) 3) o 


Equation 1 gives the distances from the lower speaker at which the man will hear a minimum. The 
path difference Ar starts from nearly zero when the man is very far away and increases to d when 


L=0. 


(a) The number of minima he hears is the greatest integer value for which L 20. This is the 


: i 1 
same as the greatest integer solution to d= E - +(2} or 


? 


number of minima heard =n max = greatest integer < (4) + A 
v 


(b) From equation 1, the distances at which minima occur are given by 


g aea (lf) 
" 2n-1/2)(0/f) 


where n =1, 2, ..., nmax |. 
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P18.11 (a) ¢, =(20.0 rad/cm)(5.00 cm) - (32.0 rad/s)(2.00 s) =36.0 rad 
¢, =(25.0 rad/cm)(5.00 cm) —(40.0 rad/s)(2.00 s) = 45.0 rad 
Ag — 9.00 radians = 516° = | 156° | 


(b) Ag =|20.0x — 32.0t — [25.0x — 40.0] = |-5.00x + 8.001| 


At t= 2.00 s, the requirement is 
Ag= |-5.00x + 8.00(2.00) - (2n * 1)z for any integer n. 
For x « 3.20, —5.00x + 16.0 is positive, so we have 


—5.00x +16.0 =(2n+1)z, or 
(2n 4 1)z 


The smallest positive value of x occurs for n = 2 and is 


(4 1)z 
x —3.20 = 3.20 — m =| 0.058 4 cm |. 
5.00 
P18.12 (a) First we calculate the wavelength: T Sa =16.0 m 
f 21.5 Hz 


Then we note that the path difference equals 9.00 m- 1.00 m= la 


Therefore, the receiver will record a minimum in sound intensity. 


(b) We choose the origin at the midpoint between the speakers. If the receiver is located at point 
(x, y), then we must solve: 


Jc 5.00) y? - x - 5.00)? +y” = 2a 


Then, Joc 5.00) £y? = (x - 5.00)? £y? +A 
: ; i AP 2.2 
Square both sides and simplify to get: 20.0x — um A (x—5.00)^ +y 
; ; ; . 2 20,4 a 2 42,2 
Upon squaring again, this reduces to: 400x^ —10.04^x + 3E A (x—5.00)' + A^y 
Substituting 4 —16.0 m, and reducing, 9.00x? —16.0y? — 144 
2 2 
Or EE EET 
16.0 9.00 


(When plotted this yields a curve called a hyperbola.) 
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Section 18.2 Standing Waves 


P18.13 


P18.14 


P18.15 


y =(1.50 m)sin(0.400x) cos(200t) = 2A, sin kx cos wt 


Therefore, k = ae = 0.400 rad/m A= m eI =| 15.7 m 
À 0.400 rad/m 
2 d 
and o - 2z f so fas MILL 318 Hz 
Ax Azrad 


$ ; A oO 200 rad/s 
Th d of th d =Af= 27r f=—= =| 500 
e speed of waves in the medium is v= Af 2 a f k 0.400 rad/m m/s 


y = 0.030 0 mcos +] cos(40t) 


(a) nodes occur where y - 0: 
x m 
—=(2n+1)— 
2 1D 
so x=| (2n+1)r=7, 32, 57, ... |. 
(b) Ymax = 0.030 0 mcos e) =| 0.029 4 m 


The facing speakers produce a standing wave in the space between them, with the spacing between 
nodes being 


d A v 2348 m/s 
AN 2 2f os) 


=0.214 m 


If the speakers vibrate in phase, the point halfway between them is an antinode of pressure at a 
distance from either speaker of 


1.25 m 


2 5 0.625. 
Then there isa node at 0.625 — = =| 0.518 m 
anode at 0.518 m - 0.214 m =| 0.303 m 
a node at 0.303 m- 0.214 m=| 0.0891 m 
a node at 0.518 m 0.214 m - | 0.732 m 
a node at 0.732 m 4 0.214 m=| 0.947 m 
andanodeat 0.947 m «40.214 m- | 1.16 m | from either speaker. 


P18.16 


P18.17 


P18.18 
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y = 2A 9 sin kx cos ot 


e e 

zy. -2Agk? sin kx cos at e -2Aqo0? sin kx cos ot 

Ox ot 
1 

Substitution into the wave equation gives ~2.A ok? sin kx cos ot = (4 ent? sin kx cos ot) 
v 

This is satisfied, provided that v= e 


k 

y; = 3.00 sin[ x(x +0.600t)] cm; yz = 3.00 sin[z(x — 0.600t)] cm 

Y=Y, +y = [3.00 sin(z x)cos(0.600zt) + 3.00 sin(z x) cos(0.600:£)] cm 
y = (6.00 cm)sin(z x)cos(0.6007 t) 


(a) We can take cos(0.600zt) 21 to get the maximum y. 
At x 2 0.250 cm, = (6.00 cm)sin(0.250z) =| 4.24 cm 


V max 


(b) At x 20.500 cm, Ymax = (6.00 cm) sin(0.5007) =| 6.00 cm 


(c) Now take cos(0.6007 f) =-—1 to get Ymax: 
At x 2 1.50 cm, = (6.00 cm)sin(1.50z)(-1) =| 6.00 cm 


y max 


(d) The antinodes occur when x- oe (n=1, 3,5, ...) 


But k= 2 =z, so A= 2.00 cm 
A : 
and x= a 0.500 cm | as in (b) 
X, = A- 1.50 cm | as in (c) 
X4 = Ma 2.50 cm 
4 
(a) The resultant wave is y=2A sinf ky + £) cof ot - £) 
The nodes are located at kx+ £ =n 
SO x- TUE. = KA 
k 2k 
which means that each node is shifted i to the left. 
(b) The separation of nodes is Ax = | +1) ae | E 4 | Ax=2= 2 
k 2k k 2k k 2 


The nodes are still separated by half a wavelength. 
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Section 18.3 — Standing Waves in a String Fixed at Both Ends 


P18.19  L-300 m; u=9.00x10° kg/m; T 2200 N; f, - — 


2L 
py? 
where v= (=| =47.1 m/s 
u 
47.1 
so 1 pp 7| 0786 He fo =2f, =| 157 Hz 
f; =3f, =| 236 Hz fa =4f, =| S34 Hz 
*P18.20 The tension in the string is T -(4 kg)(9.8 m/s?) =39.2 N 
8x10? k 
Its linear density is E ia 5 -16x10? kg/m 
L 5m 
and the wave speed on the string is v= a= aN = 156.5 m/s 
u \16x10™ kg/m 
In its fundamental mode of vibration, we have A=2L=2(5 m)=10 m 
Thus, pui a TEES 
A 10m 


P18.21 (a) Let n be the number of nodes in the standing wave resulting from the 25.0-kg mass. Then 
n+1 is the number of nodes for the standing wave resulting from the 16.0-kg mass. For 


standing waves, 4 = zy and the frequency is f = = 
n 
Thus, f= XE (os 
2LVu 
and also fs eba 
2L Hu 
25.0 k 

s n«1 [T,  |Q50kg)g 5 

n do (160kg)g 4 
Therefore, 4n+4=5n,orn=4 


4 E kg)(9.80 m/s?) 


Then, f= =| 350 Hz 
2(2.00 m) 0.002 00 kg/m 
(b) The largest mass will correspond to a standing wave of 1 loop 
m(9.80 m/s? 
(n=1) so 350 Hz = : | / ) 


2(2.00 m) \ 0.002 00 kg/m 


yielding m=| 400 kg 


*P18.22 


*P18.23 
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The first string has linear density 


=) 
NUM NE 
0.658 m 


Hy kg/m. 


-3 
6.75 x 10 kg 1x10? 
0.950 m 


The tension in both is T = 6.93 kg 9.8 m/ s? 2 679 N. The speed of waves in the first string is 


Ui 4 ER ind =169 m/s 
My 237x107 kg/m 


The second, 4; = kg/m. 


| T : : : 
and in the second v; = || — =97.8 m/s. The two strings vibrate at the same frequency, according to 
H2 


11401 050» 


zip Obs 


n,169 m/s mn597.8 m/s 
2(0.658 m) — 2(0.950 m) 


I2 .250- >. Thus rn, =2 and n, 25 are the number of antinodes on each string in the lowest 
ny 


resonance with a node at the junction. 


(b) The first string has 2+1=3 nodes and the second string 5 « Ge 66666: 
4 


more nodes, for a total of 8, or | 6 | other than the vibrator 


and pulley. junction 
2(169 m/s) FIG. P18.22(b) 


The f is ————— =) 257 Hz |. 
(a) e frequency is 2(0.658 m) Z 


For the E-string on a guitar vibrating as a whole, v = fA = 330 Hz(2)64.0 cm. When it is stopped at 


the first fret we have 1/2330 Hz(2)L; = v = 330 Hz(2)64.0 cm. So Lp = m 


. The spacing between the first 


. Similarly for the 


64.0 cm 


second fret, 27/2330 Hz(2)L,, = v - 330 Hz(2)64.0 cm. Lp = E 


and second frets is 


ES 1 1 
64.0 cm| —7— —55 |7640 c = 3.39 cm. 
(sim 272 ) m 5 10595? | 


This is a more precise version of the answer to the example in the text. 


Now the eighteenth fret is distant from the bridge by Lj, = SE And the nineteenth lets this 
218/12 
much string vibrate: Lio = E: The distance between them is 


1 1 1 1 
64.0 om er su. = 64.0 emis (1 = Tus =| 1.27 cm |. 
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*P18.24 For the whole string vibrating, dy = 0.64 m : ; 42138 m. The 


speed of a pulse on the string is v = fA = 330 : 1.28 m = 422 m/s. 
S 


a) When the string is stopped at the fret, dyy = 20.64 m= A 
8 PP NN 73 2 
4 =0.853 m 
422 
pa aN ogre. 
A 0.853 m 


(b) The light touch at a point one third of the way along the 
string damps out vibration in the two lowest vibration 
states of the string as a whole. The whole string vibrates in 


its third resonance possibility: 3d yy = 0.64 m = 34 P 
420.427 m 

v 422 m/s - 
A 0427m 


f 990 Hz |. 


12 
P1825  f, = cu where v = B 
u 


(a) If L is doubled, then f, «L™ will be reduced by a factor T 


fe. ceo 


FIG. P18.24(a) 


FIG. P18.24(b) 


(b) If wis doubled, then f, « 4 !? will be reduced by a factor RS 


(c) If T is doubled, then f, «VT will increase by a factor of 42. 
P18.26 L=60.0 cm 2 0.600 m; T 250.0 N; u «0.100 g/cm - 0.0100 kg/m 


no 
T TL 


where 
1/2 
v= i =70.7 m/s 
u 


f= (om) = 58.9n = 20 000 Hz 


Largest n = 339 > f =| 19.976 kHz |. 


A =1.40 m 


T 
1 (1.20 x 107) /(0.700) 


fa=v=308 m/s- 


(a) T-|163N 


(b | f-[660Hz 


Un=3 f L=3As 


FIG. P18.27 


P18.28 


P18.29 
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Ag = 2(0.350 m) = ; A,=2L,= : 
G A 


Lb. DEL fe -0350 m(1- E) -00382m 


Thus, L4 = Lg -0.038 2 m = 0.350 m- 0.038 2 m = 0.312 m, 


or the finger should be placed | 31.2 cm from the bridge |. 


TE 1 [eda dT dL, 1dT 

2f, 2fa Vu 4fa Tu La 2T 
dT dLa _» 0.600 cm —— 
T La (35.0 — 3.82) cm 


3.84% 


In the fundamental mode, the string above the rod has only 
two nodes, at A and B, with an anti-node halfway between A 
and B. Thus, 


AB= or A= ; 
cos cos@ 


A= L 2L 
2 


Since the fundamental frequency is f, the wave speed in this 
segment of string is 


T T TL 
Also, v = = — = 
n m/ AB mcos 


where T is the tension in this part of the string. Thus, 


2Lf _ | TL ir TL 
cos 0 mcos Q cos?0 mcos 


and the mass of string above the rod is: 


m= E iud [Equation 1] 
ALf FIG. P18.29 


Now, consider the tension in the string. The light rod would rotate about point P if the string exerted 
any vertical force on it. Therefore, recalling Newton's third law, the rod must exert only a horizontal 
force on the string. Consider a free-body diagram of the string segment in contact with the end of 
the rod. 


: Mg 
F, =Tsn@-Mg=0>T= 
À y 8 sind 


Then, from Equation 1, the mass of string above the rod is 


(5 ent - Mg 
sinQ/ALf? | 4Lf? tan@ | 
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*P18.30 Let m= pV represent the mass of the copper cylinder. The original tension in the wire is 


V ‘ 
T; =mg = pVg. The water exerts a buoyant force Pra | g on the cylinder, to reduce the tension to 


V P water 
T, = pVg Bial 2 k -(0- "E rs. 


The speed of a wave on the string changes from ze to Ha . The frequency changes from 
Hu Hu 


IC. ho agus T, 1 
A HÀ HÀ 
where we assume 4 = 2L is constant. 


= 92 - 100/2 
Then = 2 EL E Pwater/2 _ [8.92 -1.00/ 


y VL p | 892 
f; =300 Hz |—— i 291 Hz 
8.92 
*P18.31 Comparing y = (0.002 m) sin((z rad/m)x) cos((100z rad/ s)t) 

with y = 2A sin kx cos at 
we find geet 5 Z Zam”, 42200 m,and o= 2x f =1007s": f =50.0 Hz 
(a) Then the distance between adjacent nodesis dyy = i =1.00 m 

and on the string are QE. OM BI. 3 loops 

dyn 1.00 m 
For the speed we have v=fa= (50 gt IP m=100 m/s 


(b) In the simplest standing wave vibration, dyy = 3.00 m= — , A, = 6.00 m 


T 
aid ge v, _ 100 m/s 


A, 600m 


=| 16.7 Hz 


IT, NE ; 
(c) In o, = |= , if the tension increases to T, = 9T; and the string does not stretch, the speed 
u 


n To 3v, =3(100 m/s) 2 300 m/s 


-600 m da. =*= 3.00 m 


increases to 


Then A 


Í a 50s 


and | one | loop fits onto the string. 
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Section 18.4 Resonance 


P18.32 


P18.33 


P18.34 


P18.35 


The natural frequency is 


2 
ON EE ji- 1 [9.80 m/s Son 
T 2xWVL 2x 2.00 m 


The big brother must push at this same frequency of | 0.352 Hz | to produce resonance. 


9.15 m 
Th di = =| 3.66 m/s 
(a) e wave speed is v 2350s 


(b) From the figure, there are antinodes at both ends of the pond, so the distance between 
adjacent antinodes 


_A 


is thos c To m 
and the wavelength is A-2183 m 
3.66 
The frequency is then f= 2 De 0.200 Hz 
A 183m 


We have assumed the wave speed is the same for all wavelengths. 


The wave speed is v= [gd = ,|(9.80 m/s?)G61 m) =18.8 m/s 


The bay has one end open and one closed. Its simplest resonance is with a node of horizontal 
velocity, which is also an antinode of vertical displacement, at the head of the bay and an antinode 
of velocity, which is a node of displacement, at the mouth. The vibration of the water in the bay is 
like that in one half of the pond shown in Figure P18.33. 


Then, dya = 210 x10° m= “ 
and A= 840 x10° m 
3 
Thco thepedodis- Tee = Ss yp qot es a note 


f v 188 m/s 


This agrees precisely with the period of the lunar excitation |, so we identify the extra-high tides as 


amplified by resonance. 


The distance between adjacent nodes is one-quarter of the circumference. 


dar dig = : = TM - 5.00 cm 
Ai anand (55s 9-005 «ong Sl 900 ERE |. 
2 0100 m 


The singer must match this frequency quite precisely for some interval of time to feed enough 
energy into the glass to crack it. 
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Section 18.5 


Standing Waves in Air Columns 


P18.36 daa =0.320 m; 4 20.640 m 


(a) 


(b) 


P18.37 (a) 


(b) 


P18.38 The wavelength is A-— 


f-—-|8581Hz 


A=0.085 0 m; day =| 425 mm 


For the fundamental mode in a closed pipe, 2 = 4L, as 
in the diagram. 


But v= fA, therefore L= Z 
4f 


4 
G5: 260 E an 


4(240 s) 


For an open pipe, 2 = 2L, as in the diagram. 


4 
TE E OPENS TER 


E. 2(240 s~) 


v 343 S ji 
f  261.6/s 


A N 
7A 

kc 

A N A 

E EEN 
=A = 
FIG. P18.37 


so the length of the open pipe vibrating in its simplest (A-N-A) mode is 


dA toA -11= 0.656 m 
A closed pipe has (N-A) for its simplest resonance, 


and 


Here, the pipelengthis 5dN wa = 


(N-A-N-A) for the second, 
(N-A-N-A-N-A) for the third. 
5A 5 


(1.31 m) =| 1.64 m 


4 4 


*P18.39 Assuming an air temperature of T = 37°C =310 K, the speed of sound inside the pipe is 


310 K 
= (331 —— =353 . 
v-( m/s),| TE m/s 


In the fundamental resonant mode, the wavelength of sound waves in a pipe closed at one end is 
A = 4L . Thus, for the whooping crane 


v (353 m/s) 


3.281 ft 


A =4(5.0 ft) - 2.0x 10! ft and f - —- 


A 20x10! ft 


1m 


)- 57.9 Hz |. 


P18.40 


P18.41 


P18.42 


P18.43 


P18.44 


Chapter 18 


The air in the auditory canal, about 3 cm long, can vibrate with a node at the closed end and 
antinode at the open end, 


SO A=012 m 
and t ee easy 
A 012m 


A small-amplitude external excitation at this frequency can, over time, feed energy 
into a larger-amplitude resonance vibration of the air in the canal, making it audible. 


For a closed box, the resonant frequencies will have nodes at both sides, so the permitted 


wavelengths will be L = Zn, (n=1, 2,3, us 


ig paio =? and f= A 
2 2L 


2f 
Therefore, with L = 0.860 m and L' = 2.10 m, the resonant frequencies are 


Ín 
and f; =| n(84.5 Hz) | for L' = 2.10 m for each n from 2 to 23. 


n(206 Hz) | for L = 0.860 m for each n from 1 to 9 


The wavelength of sound is A= - 
The distance between water levels at resonanceis d= m. Rt ar?d- ES 
2 
and t= are 
2Rf 


For both open and closed pipes, resonant frequencies are equally spaced as numbers. The set of 
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resonant frequencies then must be 650 Hz, 550 Hz, 450 Hz, 350 Hz, 250 Hz, 150 Hz, 50 Hz. These are 


odd-integer multipliers of the fundamental frequency of | 50.0 Hz |. Then the pipe length is 
A v 2340 m/s 


dy, =—=—= =| 1.70 m |. 
NA 4 4f 4(50/s) 
eas pat for n=1, 2, 3, ... 
n 2 
Since ee ix forn-1, 2, 3, ... 
f 2f 
With v=343 m/s and f =680 Hz, 
4 
=n oe Rys =n(0.252 m) for n=1, 2, 3, ... 
2(680 Hz) 


Possible lengths for resonance are: L =| 0.252 m, 0.504 m, 0.757 m, ..., n(0.252) m |. 
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P18.45 For resonance in a narrow tube open at one end, 


[ 
-n——(nz-1, 3,5, ...). 
fent ) 


(a) Assuming n=1 andn=3, 
Ye E - 
4(0.228) 4(0.683) 
In either case, v =| 350 m/s |. 
5o  5(350 m/s) 
(b) For the next resonance n 25, and L = =|114m |. 


Af 4(384 st) 


FIG. P18.45 
P18.46 The length corresponding to the fundamental satisfies f = 2., L= eae 0.167 m. 
4L Af 4(512) 
Since L > 20.0 cm, the next two modes will be observed, corresponding to f = and f = c f 
2 3 
or L, s 0.502 m | and L5 E 0.837 m |. 
4f 4f 

P18.47 We suppose these are the lowest resonances of the enclosed air columns. 

For one, js. ua jeg era e Soe 

f 256s” 2 
4 
Fortheother, 422-29 TW* 780m length 20390 m 
f 440s 
So, 
(b) original length =| 1.06 m 
A-2d44, = 2.12 m 
4 
o ge se ae 
2.12 m 
P18.48 (a) For the fundamental mode of an open tube, 
A v 343 m/s 0.195 m]. 


2 2f 2(880 s7) 


(D  v=331 m/s1 + s =328 m/s 


We ignore the thermal expansion of the metal. 


gos v 328 m/s — 841 Hz 
A 2L 2(0195 m) 


The flute is flat by a semitone. 


Section 18.6 

P1849 (a) 
(b) 
(c) 

P18.50 
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Standing Waves in Rod and Plates 


jare SN sso ee 
2L (2)1.60) 


Since it is held in the center, there must be a node in the center as well as antinodes at the 
ends. The even harmonics have an antinode at the center so only | the odd harmonics | are 


present. 


goi. S09 ae 
2L (2)1.60) 


When the rod is clamped at one-quarter of its length, the vibration pattern reads ANANA and the 
rod length is L= 2d44 =A. 


Therefore, L — 


v 5100 m/s _ 
f 4400 Hz 


116 m 


Section 18.7 Beats: Interference in Time 
P1851  fevoc4dT fae, = 110 m = 104.4 Hz 
Af =| 5.64 beats/s 
P18.52 (a) The string could be tuned to either | 521 Hz or 525 Hz | from this evidence. 
(b) Tightening the string raises the wave speed and frequency. If the frequency were originally 
521 Hz, the beats would slow down. 
Instead, the frequency must have started at 525 Hz to become | 526 Hz |. 
yT 1 JT 
(c) From f=—= Ma 


à 2L 2L\u 


2 2 
foe ID. aar =| 2) 7, (SR 7 T, = 0.989T,. 
A VE, f 526 Hz 


The fractional change that should be made in the tension is then 


fractional change = DE =1 -0.989 20.011 4 - 1.1476 lower. 
1 


The tension should be | reduced by 1.14% |. 
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P18.53 


*P18.54 


Superposition and Standing Waves 


f'-f| 


(v4 v,) 
U—U; 


For an echo f'- f =) the beat frequency is f, = 
v 


Solving for fy. 


(2v,) 


gives f, = f CEPR when approaching wall. 


2(1.33) 
a „ = (256 =| 1.99 Hz | beat frequenc 
(a) h-( Gn 133) Z quency 
(b) When he is moving away from the wall, v, changes sign. Solving for v, gives 


| fæ — 6GB) — 
U, 2/—5, - (2Y256)-5 3.38 m/s |. 


Using the | 4 and 22. foot pipes | produces actual frequencies of 131 Hz and 196 Hz and a 


combination tone at (196 — 131)Hz = 65.4 Hz, so this pair supplies the so-called missing fundamental. 
The 4 and 2-foot pipes produce a combination tone (262 — 131)Hz =131 Hz, so this does not work. 


The 2= and 2-foot pipes | produce a combination tone at (262 — 196)Hz = 65.4 Hz, so this works. 


Also, | 4, 2=, and 2-foot pipes | all playing together produce the 65.4-Hz combination tone. 


Section 18.8 Non-Sinusoidal Wave Patterns 


P18.55 


P18.56 


We list the frequencies of the harmonics of each note in Hz: 


amon —— | 
| A | 440.00 880.00 1320.0 1760.0 2 200.0 


A 
554.37 11087 1663.1 2 217.5 
659.26 1318.5 1977.8 2 637.0 3 296.3 


The second harmonic of E is close the the third harmonic of A, and the fourth 


harmonic of C# is close to the fifth harmonic of A. 


We evaluate 


s=100sin 0 +157 sin 20 + 62.9 sin 30 + 105 sin 40 
+51.9 sin 50 + 29.5 sin 60 + 25.3 sin 70 


where s represents particle displacement in nanometers 
and O represents the phase of the wave in radians. As 0 


advances by 27, time advances by (1/523) s. Here is the 6 
result: Phase (rad) 


FIG. P18.56 
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Additional Problems 


P18.57 


*P18.58 


P18.59 


f =87.0 Hz I 4 = 0.400 m —> 
speed of sound in air: v, =340 m/s bw 
(a) Ay =e v= fa, - (87.0 s (0.400 m) 


v=| 34.8 m/s 


P z- 2a _ 940 m/s 
va =Aaf 4f 4(87.0 s') 


— a 


=| 0.977 m 


(b) 


FIG. P18.57 


(a) Use the Doppler formula 


With fj- frequency of the speaker in front of student and 
fz = frequency of the speaker behind the student. 

(343 m/s+1.50 m/s) 
(343 m/s - 0) 

(843 m/s - 1.50 m/s) 
(343 m/s+0) 

Therefore, f, = fi — f; =| 3.99 Hz |. 


ft = (456 Hz) = 458 Hz 


= 454 Hz 


f} = (456 Hz) 


343 
(b) The waves broadcast by both speakers have 4 = T B E — 0.752 m. The standing wave 
S 
between them has d 44 = i — 0.376 m. The student walks from one maximum to the next in 
0.376 m 
1.50 m/s 


1 
time At = = 0.2515, so the frequency at which she hears maxima is f = m 3.99 Hz |. 


Moving away from station, frequency is depressed: 


f'=180- 2.002 178 Hz: 178-180. 529 — 
343 - (-v) 
2.00)(343 
Solving for v gives v= eae) 
178 
Therefore, v=| 3.85 m/s away from station 


Moving toward the station, the frequency is enhanced: 
343 
343 — v 
(2.00)(343) 
182 
Therefore, v=| 3.77 m/s toward the station 


f'=180 + 2.00 = 182 Hz: 182 = 180 


Solving for v gives = 


544 Superposition and Standing Waves 


P18.60 


P18.61 


P18.62 


48.0)(2.00 
v= BOR 20) =141 m/s 
4.80 x 10 


dyn =1.00 m; 422.00 m; f-i-T707 Hz 


v, 2343 m/s _ 


P 4.85 m 
f 70.7 Hz 


Call L the depth of the well and v the speed of sound. 


2n —1)(343 m/s 
Then for some integer n L=(2n 4 = (2n - 1) : E: X i /s) 
4 4f, 4(515 Ss ) 


2n +1)(343 m/s 
and for the next resonance L=[2(n+1)- 2 =(2n+1) " £ 3j is) 
2 US 


(2n-1)(343 m/s) (2n+1)(343 m/s) 


Thus, = 
4(51.5 s!) 4(60.0 s!) 
: ; , 2n+1 2n-1 
and we require an integer solution to = 
60.0 51.5 
1 : 1115 NM ; 
The equation gives n = eT am 6.56, so the best fitting integer is n= 7. 
2(7)-1(343 m/s 
Then LI I BE en 
4(51.5 s!) 
2(7)- 14343 m/s 
and ARS I I) 34m 


4(60.0 $1) 


suggest the best value for the depth of the wellis | 21.5 m |. 


The second standing wave mode of the air in the pipe reads ANAN, with dya = i Dn 


DESC 
so A = 2.33 m 
and gete enie 

A 233m 


For the string, 2 and v are different but f is the same. 


so A =0.400 m 
v = Af = (0.400 m)(147 Hz) = 58.8 m/s = E 
u 


I 
wo 
m 
ha 
Z 


T = uv? =(9.00x10° kg/mJ(58.8 m/s) 


P18.63 


P18.64 


(a) 


(b) 


(a) 


(b) 


(c) 


(d) 


(e) 


(g) 


(h) 
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Since the first node is at the weld, the wavelength in the thin wire is 2L or 80.0 cm. The 
frequency and tension are the same in both sections, so 


fe T 1 [ù 460 
2L\ u  2(0.400) Y 2.00 x10? 


59.9 Hz |. 


As the thick wire is twice the diameter, the linear density is 4 times that of the thin wire. 


u'=8.00 g/m 


ou= 2 fe | 1 460 — — 
fV (2)(59.9) V 8.00 x 10? 


thin wire. 


For the block: 
YE, =T - Mg sin30.0° = 0 


so T = Mgsin30.0°= 5 Ms ; 


20.0 cm 


N 


half the length of the 


o, 


h 
The length of the section of string parallel to the incline is 
ME = 2h. The total length of the string is then | 3h |. FIG. P18.64 
sin 30.0? 
The mass per unit length of the string is u= B 
M Mgh 

The speed of waves in the string is v= T 8 EJ ous 

u 2 m 2m 


In the fundamental mode, the segment of length h vibrates as one loop. The distance 


between adjacent nodes is then dy; = fe h, so the wavelength is A = 2h. 


"m 


[^ 


3Mgh 


3Mg 


The frequency is f 


| A 2h 


2m 


8mh 


When the vertical segment of string vibrates with 2 loops (i.e., 3 nodes), then h= (2) and 


the wavelength is A= 


h |. 


The period of the standing wave of 3 nodes (or two loops) is 


2mh 


fo = 1.02f - f =(2.00x 107) f - (2.00 «102) M 


3Mg 
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P18.65 (a f=% |E 
2L Vu 
Um LT 
f L' 2L 2 
The | frequency should be halved | to get the same number of antinodes for twice the 
length. 
; , 2 2 
"MES fe 
n T' T Xn n+1 
a 
The tension must be T'- | | T 
n+l 
y ae T' T JP 2 
(c) Toe J= so — = c 
f nL'NT T n' 
, 2 , 
2a (5) CoL to get twice as many antinodes. 
T 422 T 16 
200 kg m/s? 
P18.66 For the wire, Jis OMU KS. 0o kg/m: v= oe | di / ) 
2.00 m u 5.00 x10 kg/m 
v =200 m/s 
m 4) À v (200 m/s) 
If it vibrates in its simplest state, diy = 2.00 m = =: forle = 50.0 Hz 
2 A | 400m 
(a) The tuning fork can have frequencies | 45.0 Hz or 55.0 Hz |. 
(b) If f 245.0 Hz, v= fA =(45.0/s)4.00 m 2 180 m/s. 
Then, T =v? u - (180 m/s) (5.00x10? kg/m) =| 162 N 
or | if f 2550 Hz, T = v? u= f? ^u = (55.0/s)" (4.00 m)' (5.0010? kg/m) =| 242 N |. 
P18.67 We look for a solution of the form 


5.00sin(2.00x — 10.01) + 10.0 cos(2.00x — 10.0t) = A sin(2.00x — 10.0t + 9) 


= Asin(2.00x — 10.0t) cos ø + A cos(2.00x — 10.01) sin ø 


This will be true if both 


(5.00)? + (10.0)? = A? 
A-2112 and $2 63.4? 


requiring 


11.2sin(2.00x — 10.0 + 63.4?) 


The resultant wave 


5.00 = Acos ó and 10.0 = Asin$, 


is sinusoidal. 


P18.68 


P18.69 


*P18.70 


(a) 


(b) 


(d) 


(a) 


(b) 


daa = i -7.05x10? m is the distance between antinodes. 


270 | 


With je and o=2n f 2 ——: 
A A 


For the fundamental vibration, 


so 


For the second harmonic 2, =L and 


In general, 4, = 2 and 
n 


Let 0 represent the angle each slanted rope 


makes with the vertical. 


In the diagram, observe that: 


or 0 = 41.8°. 


Considering the mass, 


DF, =0: 2T cos = mg 
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2 2z vt 
y(x, t) - 2Asinkxcosot 2| 2A a (275 ed n 


4 =2L 
TX mvt 
, t)=| 2Asin| — —— 
yix, t) zi 7 Jes 7 ) 


y(x, t)= 


Yn(x, t)= 


3 FIG. P18.69 
(12.0 kg)(9.80 m/s?) 
- =| 78.9 N 
2 cos 41.8° 
The speed of transverse waves in the string is v= a fos = 281 m/s 
u 0.001 00 kg/m 


For the standing wave pattern shown (3 loops), d= 2 


or 


Thus, the required frequency is 


Then 42141x10? m 


an 


The crystal can be tuned to vibrate at 2? Hz, so that binary counters can 


v 370x10? m/s _ 


2.62x10? Hz |. 


A 141x10 m 


derive from it a signal at precisely 1 Hz. 


2(2. 
ga IY aise 
3 
E R m/s _ 211 Hz 
À 133m 
A| N JA 


FIG. P18.70 
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ANSWERS TO EVEN PROBLEMS 


P18.2 see the solution P18.38 0.656 m; 1.64 m 
P18.4 5.66 cm P18.40 3 kHz; see the solution 
P18.6 0.500 1 
3 P1842  Ar- Z 
2Rf 


P18.8 (a) 3.33 rad; (b) 283 Hz 
P1844 L=0.252 m, 0.504 m, 0.757 m, ..., 


P1810 (a) The number is the greatest n(0.252) m for n — 1, 2, 3, ... 

integer < (2) + E 

vj 2 - P18.46 0.502 m; 0.837 m 
d? -(n-3/2) (v/f) 
L,- where ; 

(b) zn 1/2\(0/f) P1848 (a) 0.195 m; (b) 841 m 

wed tp ae P1850 116m 
P1812  (a)Ax- P18.52 (a)521 Hz or 525 Hz; (b) 526 Hz; 


(c) reduce by 1.1426 
along the hyperbola 9x? —16 2 2144 
8 yp y 


2 2 
P18.14 (a) Qn 4 1yrm for n0, 1, 2, 8, ..; P18.54 4-foot and aa Pt ; s and 2-foot; and 


(b) 0.029 4 m all three together 
P18.16 see the solution P18.56 see the solution 
P18.18 see the solution P18.58 = (a) and (b) 3.99 beats/s 
P18.20 15.7 Hz P18.60 4.85 m 
P18.22 (a) 257 Hz; (b) 6 P18.62 31.1N 
; 3M m 

P18.24 (a) 495 Hz; (b) 990 Hz Pie (i L Mg; () 3h; ož t d) aue 
P18.26 19.976 kHz BME à 

(95 sue O 

mh ' 

P18.28 3.84% 3 x 

(h) (2.00 x oo) E 
P18.30 291 Hz 8mh 
P18.32 0.352 Hz P18.66 (a) 45.0 Hz or 55.0 Hz; (b) 162 N or 242 N 


P18.34 see the solution P18.68 see the solution 


P18.36 (a) 531 Hz; (b) 42.5 mm P18.70 262 kHz 


Q19.4 


Q19.5 


Q19.6 


Q19.7 


Q19.8 


Q19.9 


Temperature 


ANSWERS TO QUESTIONS 


Q19.1 — Two objects in thermal equilibrium need not be in contact. 
Consider the two objects that are in thermal equilibrium in 
Figure 19.1(c). The act of separating them by a small distance 
does not affect how the molecules are moving inside either 
object, so they will still be in thermal equilibrium. 


Q19.2 The copper's temperature drops and the water temperature 
rises until both temperatures are the same. Then the metal and 
the water are in thermal equilibrium. 


Q19.3 The astronaut is referring to the temperature of the lunar 
surface, specifically a 400°F difference. A thermometer would 
register the temperature of the thermometer liquid. Since there 
is no atmosphere in the moon, the thermometer will not read a 
realistic temperature unless it is placed into the lunar soil. 


Rubber contracts when it is warmed. 


Thermal expansion of the glass bulb occurs first, since the wall of the bulb is in direct contact with 
the hot water. Then the mercury heats up, and it expands. 


If the amalgam had a larger coefficient of expansion than your tooth, it would expand more than the 
cavity in your tooth when you take a sip of your ever-beloved coffee, resulting in a broken or 
cracked tooth! As you ice down your now excruciatingly painful broken tooth, the amalgam would 
contract more than the cavity in your tooth and fall out, leaving the nerve roots exposed. Isn't it nice 
that your dentist knows thermodynamics? 


The measurements made with the heated steel tape will be too short—but only by a factor of 
5x10” of the measured length. 


(a) One mole of H, has a mass of 2.016 0 g. 
(b) One mole of He has a mass of 4.002 6 g. 
(c) One mole of CO has a mass of 28.010 g. 
The ideal gas law, PV =nRT predicts zero volume at absolute zero. This is incorrect because the 


ideal gas law cannot work all the way down to or below the temperature at which gas turns to 
liquid, or in the case of CO,, a solid. 
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Q19.10 


Q19.11 


Q19.12 


Q19.13 


Q19.14 


Q19.15 


Q19.16 


Q19.17 


Temperature 


Call the process isobaric cooling or isobaric contraction. The rubber wall is easy to stretch. The air 
inside is nearly at atmospheric pressure originally and stays at atmospheric pressure as the wall 
moves in, just maintaining equality of pressure outside and inside. The air is nearly an ideal gas to 
start with, but PV =nRT soon fails. Volume will drop by a larger factor than temperature as the 
water vapor liquefies and then freezes, as the carbon dioxide turns to snow, as the argon turns to 
slush, and as the oxygen liquefies. From the outside, you see contraction to a small fraction of the 
original volume. 


Cylinder A must be at lower pressure. If the gas is thin, it will be at one-third the absolute pressure 
of B. 


At high temperature and pressure, the steam inside exerts large forces on the pot and cover. Strong 
latches hold them together, but they would explode apart if you tried to open the hot cooker. 


(a) The water level in the cave rises by a smaller distance than the water outside, as the trapped 
air is compressed. Air can escape from the cave if the rock is not completely airtight, and also 
by dissolving in the water. 


(b) The ideal cave stays completely full of water at low tide. The water in the cave is supported 
by atmospheric pressure on the free water surface outside. 


Ocean level 
Trapped at high tide 


a 
Ocean level 
at low tide 


FIG. Q19.13 


Absolute zero is a natural choice for the zero of a temperature scale. If an alien race had bodies that 
were mostly liquid water—or if they just liked its taste or its cleaning properties—it is conceivable 
that they might place one hundred degrees between its freezing and boiling points. It is very 
unlikely, on the other hand, that these would be our familiar “normal” ice and steam points, because 
atmospheric pressure would surely be different where the aliens come from. 


As the temperature increases, the brass expands. This would effectively increase the distance, d, 
from the pivot point to the center of mass of the pendulum, and also increase the moment of inertia 


of the pendulum. Since the moment of inertia is proportional to d? , and the period of a physical 


pendulum is T = 2z I , the period would increase, and the clock would run slow. 
msi 


As the water rises in temperature, it expands. The excess volume would spill out of the cooling 
system. Modern cooling systems have an overflow reservoir to take up excess volume when the 
coolant heats up and expands. 


The coefficient of expansion of metal is larger than that of glass. When hot water is run over the jar, 
both the glass and the lid expand, but at different rates. Since all dimensions expand, there will be a 
certain temperature at which the inner diameter of the lid has expanded more than the top of the 
jar, and the lid will be easier to remove. 
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Q19.18 The sphere expands when heated, so that it no longer fits through the 
ring. With the sphere still hot, you can separate the sphere and ring by 
heating the ring. This more surprising result occurs because the thermal 
expansion of the ring is not like the inflation of a blood-pressure cuff. 
Rather, it is like a photographic enlargement; every linear dimension, 
including the hole diameter, increases by the same factor. The reason 
for this is that the atoms everywhere, including those around the inner 
circumference, push away from each other. The only way that the 
atoms can accommodate the greater distances is for the 
circumference—and corresponding diameter—to grow. This property FIG. Q19.18 
was once used to fit metal rims to wooden wagon and horse-buggy 
wheels. If the ring is heated and the sphere left at room temperature, 
the sphere would pass through the ring with more space to spare. 


SOLUTIONS TO PROBLEMS 
Section 19.1 Temperature and the Zeroth Law of Thermodynamics 


No problems in this section 


Section 19.2 Thermometers and the Celsius Temperature Scale 
Section 19.3 The Constant-Volume Gas Thermometer and the Absolute Temperature Scale 


P19.1 Since we have a linear graph, the pressure is related to the temperature as P= A + BT, where A and 
B are constants. To find A and B, we use the data 


0.900 atm = A + (-80.0°C)B (1) 
1.635 atm = A +(78.0°C)B (2) 


Solving (1) and (2) simultaneously, 


we find A =1.272 atm 

and B-4652x10? atm/°C 

Therefore, P= 1.272 atm+(4.652 x10 atm/°C)T 

(a) At absolute zero P=0=1.272 atm+ (4.652 x107% atm/°C)T 
which gives T = -274°C |. 


(b) At the freezing point of water P = 1.272 atm +0 =| 1.27 atm |. 


(c) And at the boiling point P — 1.272 atm + (4.052 x10? atm/^CJ(100*C) =| 1.74 atm |. 
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P19.2 


P19.3 


P19.4 


P19.5 


P19.6 


P19.7 


Temperature 
and P,V - nRT, 
imply that Ade 
P, 1 


(a) 


(b) 


(a) 


(b) 


(a) 


(b) 


(a) 


(b) 


Require 


BT, (0.980 atm)(273 K + 45.0 K) 


P, 1.06 atm 
Ti (273 + 20.0) K 
K)(0. 
T, = 2% _ (293 K)(0.500 atm) 149 K= eC 
P 0.980 atm 
9 9 
Trp = p + 32.0°F = oe + 32.0 =| —320?F 


T = Tç + 273.15 = -195.81 + 273.15 = 


77.3K 


J Mercury 
@ reservoir 


Bath or 
environment Flexible 
tobe measured hose 


FIG. P19.2 


To convert from Fahrenheit to Celsius, we use To ; (T; — 32.0) > (98.6 - 32.0) =| 37.0°C 
and the Kelvin temperature is found as T = Tę +273 =| 310 K 
In a fashion identical to that used in (a), we find Tę =| —20.6°C 
and T =| 253 K 
AT = 450°C = zi M ga: =| 810°F 
100°C —0.00°C 
AT =450°C =| 450 K 
0.00°C = a(-15.0°S)+b 
100°C = a(60.0°S) + b 
Subtracting, 100°C = a(75.0°S) 
a=1.33 C°/S°. 
Then 0.00°C = 1.33(—15.0°S)C°+b 
b=20.0°C. 


So the conversion is | Tc =(1.33 C°/S°)Ts + 20.0°C |. 


(a) 


(b) 


T =1064+ 273 =| 1337 K | melting point 


T = 2 660 + 273 =| 2933 K | boiling point 


AT =| 1596°C |=| 1596 K |. The differences are the same. 
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Section 19.4 Thermal Expansion of Solids and Liquids 


P198 @=110x10°°C™ for steel 
AL =518 m(1.10 x 10-°°C* [35.0*C - (-20.0C)]- [0.313 m 


P19.9 The wire is 35.0 m long when Te = —20.0°C. 
AL - Lja(T - T;) 


@ = a(20.0°C) 2170 x10 (C?) ! for Cu. 


AL = (35.0 m)(1.70 10? (C9) * (35.0*C - (-20.0*C)) = | +3.27 cm 


P1940 AL = L;a AT = (250 m)(12.0 x10 /C°)(40.0°C) - [120 cm 


P19.11 For the dimensions to increase, AL =aL;AT 
1.00 x10? cm 2 1.30 x 10**C 1 (2.20 cm)(T - 20.0°C) 
T =| 55.0°C 


*P19.12 AL =al,AT - (22x10 */C* 2.40 cm)(30°C) =| 15810 ? cm 


P19.13 (a) AL = aL; AT =9.00 x 10 °C (30.0 cm)(65.0°C) =| 0.176 mm 


(b) AL = aL;AT =9.00 x 10 5*C ^1 (1.50 cm)(65.0°C) =| 8.78 x10% cm 


30.0()(1.50)? 
(c) AV =3aV,AT = 3(9.00 x10% °C [a cm? Jewo =| 0.093 0 cm? 


*P19.14 The horizontal section expands according to AL = aL;AT. Ax 
8 
-6op-l -2 Ay 
Ax - (17 x10 °C (28.0 cm)(46.5°C -180*C) = 1.36 x10 cm Ar 
The vertical section expands similarly by FIG. P19.14 


Ay = (17 x10 °C (134 cm)(28.5°C) = 6.49 x 10? cm. 


The vector displacement of the pipe elbow has magnitude 


Ar = d Ax? + Ay? = (0.136 mm)? + (0.649 mm)? = 0.668 mm 


and is directed to the right below the horizontal at angle 


0- an (A) = ta (C0 mm) = 78.2? 


0.136 mm 
Ar = 0.663 mm to the right at 78.2° below the horizontal 
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P19.15 (a) La(l + a AT) m LbBrass (1 + Brass AT ) 
AT - La = LbBrass 


LBrass C Brass - Lya a 
(10.01 — 10.00) 


(10.00)(19.0 x 10°) - (10.01)(24.0 10) 


AT =-199°C so T =| -179*C. This is attainable. 


(10.02 — 10.00) 
(10.00)(19.0 10 5) - (10.02)(24.0 x 10°) 


AT = -396°C so T =| -376?C which is below 0 K so it cannot be reached. 


(D AT= 


P1916 (a) AA=2aA,AT: AA = 2(17.0 x 10% °C)(0.080 0 m) (50.0°C) 


AA 21.09 x 10? m? =| 0.109 cm? 


(b) The length of each side of the hole has increased. Thus, this represents an | increase | in the 


area of the hole. 


P1937 — AV -(8-3a)VjAT - (5.8110 * — 3(11.0 x 10 * (50.0 gal)(20.0) =| 0.548 gal 


P1918 (a) L=L,(1+aAT): 5.050 cm - 5.000 em + 24.0 x 10° °C (T — 20.0°C)| 
T =| 437°C 


(b) We must get La; = Lgrass for some AT, or 


L; mel + a AT) - L; Brass (1 2 O grass AT ) 
5.000 cm! +(24.0x10°° *C7Jar] — 5,050 emfa + (19.0 x10% *C7Jar] 


Solving for AT, AT-2080?C, 


SO T =3 000°C 


This will not work because | aluminum melts at 660°C |. 


P19.19 (a) V; =V;(1+ BAT) = 100[1 +1.50 x10 *(-15.0)|- | 99:8 mL 


(b) AV. clone = (AV;AT) acetone 
AV flask = (BViAT) ze (3aV,AT) 


for same V;, AT, 


Pyrex Pyrex 


AV acetone = P acetone E 150x10:* m 1 
AVma. Brak — 3320x105) 640x107 


The volume change of flask is 


about 6% of the change in the acetone's volume |. 
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P19.20  (a)(b) The material would expand by AL = aL;AT , 


AL 
n = aAT, but instead feels stress 


1 
F YAL 
A L 


= YaAT =(7.00x10° N/m?)12.0 10 *(C*) ^ (30.0*C) 


i 


2.52x 10° N/m? |. This will | not break | concrete. 


P1921 (a)  AV=V,B,AT -Vp By AT - (B, -3a p )V;AT 
= (9.00 x 10 * -0.720 x10 * PC (2000 cm? \(60.0°C) 


AV =| 99.4 cm? | overflows. 


(b) The whole new volume of turpentine is 


2.000 cm? +9.00 x10-*°C (2000 cm? )(60.0°C) = 2108 cm? 


99.4 cm? 


cm? 


so the fraction lost is 471x107? 


and this fraction of the cylinder's depth will be empty upon cooling: 


4.71 x10 ? (20.0 cm) =| 0.943 cm |. 


*P19.22 The volume of the sphere is 
4 4 
Vp, = = rr? =—2(2 cm)? 2335 cm’. 
3 3 
The amount of mercury overflowing is 
overflow = Vig + AVpp — AV ziss = (Brig Vitg + Prb VP — P glass V glass JAT 


where Voiass = Vi, + Vpp is the initial volume. Then 
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overflow — (Brie g P glass Wig + (Bo, S P glass op jar = (Gre p 30 gas Wig + (3ap, ex 30 pass Wop jar 


= jas- 27)10~° alls cm? +(87—27)10° 335 cm? jc =| 0.812 cm? 


P19.23 In E - 2AL 
A Li 


1 


require AL = aL;AT 


= YaAT 


P SS 500 N 
AYa (200x10 m?(200x107 N/m?](110x10-5/C*) 


AT =) 1.14°C 
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*P19.24 


*P19.25 


Temperature 


Model the wire as contracting according to AL = aL;AT and then stretching according to 


stress — EE Y A = > aL;AT = YAT. 
i i 


A 


1 


- e 10 2 -6 2 -6 1 ocr 
(a)  F-YAaAT -(20x10? N/m?)4x105 m? 11x10 c C=[396N | 


108 2 
Qj xp 5e ae >i mM ——=136°C 
Ya — (20x10? N/m?)11x10*/C° 
To increase the stress the temperature must decrease to 35°C — 136°C =| -101?C |. 
(c) The original length divides out, so the answers would not change. 


The area of the chip decreases according to AA - yA,AT = A; - A; 

A, 7 A((1* AT) = Aj((1* 20AT) 
The star images are scattered uniformly, so the number N of stars that fit is proportional to the area. 
Then N; =N,(1+2aAT)=5 aon F 2(4.68 x10% ee X 100°C 20°C)| =| 5 336 star images |. 


Section 19.5 Macroscopic Description of an Ideal Gas 


P19.26 


P19.27 


P19.28 


py (9.00 atm)(1.013 x 10° Pa/atm)(8.00 x 10? m?) 
ae -[2:99 
(7 onam (8.314 N -mol K)(293 K) ae 


(b) N 2nN, =(2.99 mol)(6.02 x10? molecules/mol) =| 1.80x10™ molecules 


(a) Initially, PV, =n;RT; (1.00 atm)V; = n;R(10.0 + 273.15) K 
Finally, P,V, =n,RT; P,(0.280V;) = n;R(40.0 + 273.15) K 

0.280P; 313.15 K 

1.00 atm 283.15 K 


Dividing these equations, 


giving P; =3.95 atm 
or P; =| 4.00 x 10° Pa(abs.) |. 
(b) After being driven P,(1.02)(0.280V;) = n;R(85.0 + 273.15) K 


P; =1.121P; =| 449 x 10? Pa 


= 3PV 3(150)(0.100) 
4nr°P'  Ag(0.150) (1.20) 

If we have no special means for squeezing the last 100 L of helium out of the tank, the tank will be 

full of helium at 1.20 atm when the last balloon is inflated. The number of balloons is then reduced 


(0.100 m? i 
47(0.15 m) B 


=| 884 balloons 


PV =NP'V' = <n? NP' N 


to to 884— 
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P19.29 The equation of state of an ideal gas is PV =nRT so we need to solve for the number of moles to find N. 


py (101x10° N/m?)[(10.0 m)(20.0 m)(30.0 m)] 
n= = 


= 2.49 x 10? mol 
RT (8.314 J/mol-K)(293 K) 


N -nN4 2 249 x10? mol(6.022 x10? molecules/mol) -|1.50x10? molecules 


*P1930 (a) PV,2nRT;- M 


MPV, 400x10? kg L013x 105 N 42(6.37 x 10 m)? mole-K 
m.- tI - 

PU SRE mole m?3 8314 Nm 50K 

-|1.06 x 10?! kg 


0 By, RH, 


TA 1.06 x10” kg -8.00x10? kg | T, 
1.06 x 10?! kg 50K 


T, —100 (zz) =| 56.9 K 
1.76 


p1931 p-"RT.| 9008 [S I BAS E 161 MPa |=15.9 atm 
V (180 g/mol A mol K /\ 2.00 x 10-3 m? 


P1932 (a T-T 2. (300 K)(3)=[900 K 
1 


PV. 
b T, =T, 22 
(b) 2= Dy 


1*1 


= 300(2)(2) =| 1200 K 


P19.33 255 =0: Pou&V — pi, V — (200 kg)g 20 
(Pout — Pin )(400 m?) = 200 kg 


The density of the air outside is 1.25 kg / mĉ. 
From PV=nRT, =- 

V RT 

The density is inversely proportional to the temperature, and the density 
of the hot air is 


| F, of 200 kg 


in 


Pin = (1.25 kg/m (28 | 
FIG. P19.33 


Then (1.25 kg LUE ae ao m°?) = 200 kg 
(SEN 5 200 
0.600 = = S T, -|472K 
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*P19.34 Consider the air in the tank during one discharge process. We suppose that the process is slow 
enough that the temperature remains constant. Then as the pressure drops from 2.40 atm to 
1.20 atm, the volume of the air doubles. During the first discharge, the air volume changes from 1L 
to 2 L. Just 1 L of water is expelled and 3 L remains. In the second discharge, the air volume changes 
from 2 L to 4 L and 2 L of water is sprayed out. In the third discharge, only the last 1 L of water 
comes out. Were it not for male pattern dumbness, each person could more efficiently use his device 
by starting with the tank half full of water. 


P1935 (a) PV-nRT 
py (1013x105 Pa)(1.00 m?) 


n- = =| 41.6 mol 
RT (8.314 J/mol-K)(293 K) 


(b) m — nM - (41.6 mol)(28.9 g/mol) =| 1.20 kg |, in agreement with the tabulated density of 
1.20 kg/m? at 20.0°C. 


2 
*P19.36 — The void volume is 0.765V;.4q1 = 0.7657 ^ = 0.7652(1.27 x 10°? mJ 0.2 m - 775 x 10? m°. Now for 
the gas remaining PV =nRT 


py  12.5(1.013 x 10° N/m?)7.75 x10 n? 


— =| 3.96 x10 mol 
RT (8.314 Nm/mole K)(273 + 25) K 


P19.37 (à  PV=nRT  n-lY 
RT 
PVM  1.013x10° Pa(0.100 m)'(28.9 10? kg/mol) 


-nM 
RT (8.314 J/mol-K)(300 K) 


m-|117x10? kg 


(b) — F,-mg-117x10? kg(9.80 m/s?)- [115 mN | 


(c) F-PA- (1.013 x 10? N/m? \(0.100 m)? =| 1.01 kN 


(d) The | molecules must be moving very fast | to hit the walls hard. 
P19.38 At depth, P= P) + gh and PV; =nRT; 
PoV; T; 


At the surface, PV; =nRT;: 
(Py *egh)V; T; 


T 
Therefore Ve =V; [| Fo *pgh 
T; Py 
LRL 1.013 x 10? Pa «(1025 kg/m? (9.80 m/s? (25.0 m) 
=1. cm 
f E x) 1.013 x 10? Pa 


V, =| 3.67 cm? 


P19.39 


P19.40 


*P19.41 


P19.42 


P19.43 
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PV =nRT: 
m; nj RT, PV, R 
F; 
P,- P = 
lAm| =m, m, =m, iff = 120 ke 22 Kram). 439 kg 
P, 41.0 atm 


My bedroom is 4 m long, 4 m wide, and 2.4 m high, enclosing air at 100 kPa and 20°C = 293 K. Think 
of the air as 80.0% N, and 20.0% Op. 


Avogadro’s number of molecules has mass 
(0.800)(28.0 g/mol) + (0.200)(32.0 g/mol) =0.0288 kg/mol 


Then PV=nRT= (sr 
M 


pym | (100x105 N/m7)(38.4 m?)(0.0288 kg/mol) 
ORT (8.314 J/mol: K)(293 K) 


- 454 kg| ~ 10° kg 


gives m 


The CO, is far from liquefaction, so after it comes out of solution it behaves as an ideal gas. Its molar 
mass is M 2120 g/mol+ 2(16.0 g/mol) = 440 g/mol. The quantity of gas in the cylinder is 
" M sample E 6.50 g 
M 44.0 g/mol 
Then PV =nRT 


nRT 0.148 mol(8.314 J/mol-K)(273 K+ 20 K)(1 N-mY 10? L 
p 1.013 x 10° N/m? 1J 


=0.148 mol 


=| 3.55 L 


gives V 


1m? 


PVN, (10? Pa)(1.00 m?)(602x10? molecules/mol) 


=| 2.41x10" molecules 
RT (8.314 J/K-mol)(300 K) 


N 


m 

BV =n,RT, = (5er, 
m 

PV =n,RT, = (22 Jer, 


MEME EN 
pe NEED 
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P1944 (a) 


(b) 


Initially the air in the bell satisfies P; Vy, — n RT; 
or  B[250m)A]-nRT; (1) 
When the bell is lowered, the air in the bell satisfies 

Pyen (2.50 m-x)A 2 nRT, Q) 


where x is the height the water rises in the bell. Also, the pressure in the bell, once it is 
lowered, is equal to the sea water pressure at the depth of the water level in the bell. 
Poon = Py + 02(82.3 m- x) =~ P)  pg(82.3 m) (3) 


The approximation is good, as x < 2.50 m. Substituting (3) into (2) and substituting nR from 
(1) into (2), 


T 
[Po 0$(823 m) (2.50 m- x)A = Va z ; 
Using P, =1 atm - 1013 x10? Pa and p- 1.025 x10? kg/m? 


i -1 
x= (2.50 m)1 S (AE 3 | 


0 0 


27715 K[.,. (102510? kg/m? (9.80 m/s*)(82.3 m) E 
1+ 


= (2.50 m 
l ) 293.15 K 1.013 x 10° N/m? 


A 


x=|2.24m 


If the water in the bell is to be expelled, the air pressure in the bell must be raised to the 
water pressure at the bottom of the bell. That is, 


Poen = Po + 08(82.3 m) 
-1.013 x 10° Pa « (1.025 x 10° kg /m? (9.80 m/s”)(82.3 m) 


Pye = 9.28x 10? Pa - [9.16 atm 


Additional Problems 


P19.45 The excess expansion of the brassis — AL oq — AL tape = (@ brass ~ 0 ael )L; AT 


(a) 


(b) 


A(AL) = (19.0 11.0) x 105 (°C) ! (0.950 m)(35.0°C) 
A(AL) = 2.66 x10% m 


The rod contracts more than tape to 


a length reading 0.950 0 m -0.000 266 m =| 0.9497 m 


0.950 0 m + 0.000 266 m =| 0.950 3 m 
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P19.46 At 0°C, 10.0 gallons of gasoline has mass, 


from =— 
Er 


3 
m= pV - (730 kg/m? (10.0 emam 


=27.7 kg 
1.00 gal 


The gasoline will expand in volume by 
AV = fV,AT =9.60 x 10™% °C (10.0 gal)(20.0°C -0.0°C) =0.192 gal 


At 20.0°C, 10.192 gal = 27.7 kg 


10.0 gal = 27.7 Ke aoa = 27.2 kg 
.192 ga 


The extra mass contained in 10.0 gallons at 0.0°C is 


27.7 kg - 27.2 kg =| 0.523 kg |. 


P19.47 Neglecting the expansion of the glass, 


4 7(0.250 cm/2)° 


Ah= z (182x104 °C )(30.0°C) - | 3.55 cm 


2 (2.00 x10? cm) 


T; T; + AT 


FIG. P19.47 


P19.48 (a) The volume of the liquid increases as AV, = V; SAT. The volume of the flask increases as 
AV, — 3aVjAT. Therefore, the overflow in the capillary is V, = V;,AT(B - 3a); and in the 


capillary V, = AAA. 


Therefore, | Ah= E -3a)AT |. 


(b) For a mercury thermometer  /(Hg)- 82x10 **C ! 


and for glass, 3a =3x3.20x10°°C 


Thus B-3ax Pp 


or a «« f |. 
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v 
2L. 


1 


P19.49 The frequency played by the cold-walled flute is f; = = = 


i 
When the instrument warms up 


00 UD — v B fi 
Af 2L, 2L,(1+@AT) 1+aAT 


fr 


The final frequency is lower. The change in frequency is 


1+ aAT 


Aja cau E 9 (aAT) 
2L,\1+aAT) 2L; 


(843 m/s)(24.0 x 10° /C*\(15.0°C) 
2(0.655 m) 7 


af=fi- f= ie 


0.0943 Hz 


A 
R 


This change in frequency is imperceptibly small. 


P19.50 (a) “0 = 


E + Ju + Ah) = a2) 


(1.013 x 10° N/m? +2.00x 10° N/m? n) 


(5.00 x10? m? + (0.010 0 m?)h) FIG. P19.50 


- (1013 x 10° N/m? (5.0010? we (22) 
293 K 
2 0004? + 2 013h—397 =0 
| 201342689 _ 


4 000 


0.169 m 


(2.00 x 10° N/m)(0.169) 
0.010 0 m? 


(b) P' = P+ =1013%105 Pa+ 


P’ =| 1.35x10° Pa 


P19.51 


*P19.52 


P19.53 
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m m 
a =— and dp-- —-dV 
(a) P-y poto 


For very small changes in V and p, this can be expressed as 


The negative sign means that any increase in temperature causes the density to decrease 
and vice versa. 


3 3 
_| 1.0000 g/cm? -0.9997 g/cm? |_ Geet 
(1.0000 g/cm*)(10.0°C - 4.0°C) 


Ap 
PAT 


(b) For water we have p= 


The astronauts exhale this much CO;: 


(3 astronauts)(7 days) panel 
44.0 g 


= M sample = 1.09 kg E 000 g 


— 520 mol. 
1kg 


M astronaut - day 


Then 520 mol of methane is generated. It is far from liquefaction and behaves as an ideal gas. 


nRT 520 mol(8.314 J/mol-K)(273 K-45 K) 


P = 6.57 x 10° Pa 
V 150x10 m 
(a) We assume that air at atmospheric pressure is above the 
piston. 
Eeo mg 
In equilibrium Pas = FA + Py 
Therefore, es + Py 
hA A 
nRT 
Or = 
mg + DA 
where we have used V — hA as the volume of the gas. 


(b) From the data given, 


0.200 mol(8.314 J/K-mol)(400 K) FIG. P19.53 
"| . P19. 
20.0 kg(9.80 m/s”) + (1.013 x 10° N/m? )(0.008 00 m?) 


=| 0.661 m 
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P19.54 


P19.55 


Temperature 


The angle of bending 6, between tangents to the two ends of the strip, is 
equal to the angle the strip subtends at its center of curvature. (The angles 
are equal because their sides are perpendicular, right side to the right side 
and left side to left side.) 


(a) 


(b) 


(c) 


(d) 


The definition of radian measure gives Lj; - AL; 2 0rj 
and Lj + AL, = 0r; 
By subtraction, AL; — AL, = é(r, — 1) 
&5L;AT — a@,L,AT = 0 ^r 


(a, - a )L,AT 
Ar 


— n` 


IPSS 
| 


FIG. P19.54 


In the expression from part (a), 8is directly proportional to AT and also to (æ, — a). 


Therefore ĝis zero when either of these quantities becomes zero. 


The material that expands more when heated contracts more when cooled, so the bimetallic 
strip bends the other way. It is fun to demonstrate this with liquid nitrogen. 


Xa, -ei)LAT _ 2((19 x10% -0.9 x 10% PC 200 mm)(1°C) 
2Ar 0.500 mm 


-145x10? =1.45x 107 rad IN 
zrad 


A= 


=| 0.830° 


From the diagram we see that the change in area is 


Since AZ and Aw are each small quantities, the product AwAé will 
be very small. Therefore, we assume AwA/ « 0. 


Since 


AA = LAW + WAL + AUÀAL. 


Aw = wWQAT and A FONT, 


we then have AA = CwadT + wat 


and since A= fw, | AA=2Q@AAT |. 


The approximation assumes AwA/ «O0, or aAT « 0. Another way of stating this is | «AT ««1 |. 


ad |CT;-AT 


Su 


FIG. P19.55 


P19.56 


P19.57 


P19.58 
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2 2 
T2¢ (1.000 s)“(9.80 m/s 
Ge Rone so L,=i%= ie / ]- odds 
g 4r 4r 
AL = aL;AT =19.0 x 10% *C 1 (0.284 2 m)(10.0°C) = 4.72 x10” m 
L; + AL 0.248 3 
T, = 20 |  - 2a = 1.000 0950 s 
g 9.80 m/s 
AT =| 9.50 x10? s 
(b) In one week, the time lost is time lost =1 week(9.50 x 10? s lost per second) 
4 
time lost =(7.00 d/week) = [230 x10” si) 
1.00 d S 
time lost =| 57.5 s lost 
[s [dm and since r(T) 2 r(T; (1 aAT) 
I(T 
for aAT ««1 we find I0) a+r}? 
I(T;) 
I(T) - I(T; 
thus IOA & 2aAT 
I(T;) 
(a) With æ =17.0x10°°C! and AT =100°C 
we find for Cu: ~ = 2(17.0 x10% °C \(100°C) =| 0.340% 
(b) With a -240x10 $C 
and AT -100*C 
we find for Al: X = 2(24.0 x10 e(t \(100°C) =| 0.480% 
(a) B= pg V' P' =P) + pgd P'V' = BV, 
B- ps HV; E ps HV; 
P (Pb + pgd) 
(b) Since d is in the denominator, B must | decrease | as the depth increases. 
(The volume of the balloon becomes smaller with increasing pressure.) 
(9) 1 B(d) _ pgPo V; /(Po + pgd) _ P 
2 B(0) DgF,V; / Fo Po + pgd 
P, 1.013 x10" N/m? 


10.3 m 


na (10010? kg/m? (9.80 m/s?) - 
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*P19.59 The effective coefficient is defined by AL iota = & effectiveL tota AT Where AL iq) = ALc, + ALp, and 
Liotal = Leu + Lpp = XLiotay + (17 x) Liotai- Then by substitution 


AculcuAT + a p Lp AT = @ oe¢(Leu + Lpp AT 
AcyX t+ App(1—X) = aeg 


(acu - App )X 7 A eff -APh 


20x10% 1/C^-29x10* 1/C°_ 9 


= zh =| 0.750 
17x10™° 1/C°-29x10™° 1/C° 12 
*P19.60 (a) No torque acts on the disk so its angular momentum is constant. Its moment of inertia 
decreases as it contracts so its angular speed must | increase |. 
( ^ Lo;-ljo, = ~MR?0, = ~MR2o , = + MR +R,aAT] o, = + Ref —alAT|] o 
ad ae as E ii (OR so TN [75 i f 
= 25.0 rad 25.0 rad 
o, =0;[1-a|AT|] ^s di - Eu 25.7 rad/s 
0.972 


2 
(1-(17 x10% 1/C°)830°C) 
P19.61 After expansion, the length of one of the spans is 

L; =L;(1+aAT)=125 n{1 412x107 *C"Q00*C)) -125.08 m. 


L,, y, and the original 125 m length of this span form a right triangle with y as the altitude. Using the 
Pythagorean theorem gives: 


(125.03 m)? = y? + (125 m)? 


yielding y =| 274 m |. 


P19.62 After expansion, the length of one of the spans is L; = L(1+aAT). L;, y, and the original length L of 
this span form a right triangle with y as the altitude. Using the Pythagorean theorem gives 


D-Pey, or y= jB- LJ e anTY -1- Ly2oAT « (aAT)? 


Since aAT ««1, y&| L¥2aAT |. 


P19.63 (a) Let m represent the sample mass. The number of moles is n = M and the density is p= d 


So PV =nRT becomes PV = RT or PM = VAT. 


PM 
RT| 


Then, p= 


A 
V 


PM (101310? N/m?)(0.0320 kg/mol) 
RT (8.314 J/mol-K)(293 K) 


(b) p= 


1.33 kg/m? 
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P19.64 (a) From PV =nRT , the volume is: V= (Syr 
; n V 
Therefore, when pressure is held constant, — = E - m 
1)\dV (1)V 1 
Thus, = = ,or B= 
m p È aT fan PENT 
(b) At T =0°C = 273 K, this predicts B= = =| 3.66 x10 K7! 
Experimental values are: Bue =3.665x10° K and Bair =3.67 x10? K7 


They agree within 0.06% and 0.2%, respectively. 


N,kT N,kT N3kT 


P19.65 For each gas alone, P, = and P, = and P, = , etc. 


For all gases 


PV, + DV, + BjV,...- (N4 +N, +N3...)kT and 
(Ni +N, +N3...)kT = PV 


Also, V; = V; =V3 =...=V, therefore | P= P, + P; + P}... |. 


P19.66 (a) Using the Periodic Table, we find the molecular masses of the air components to be 
M(N5)- 28.01 u, M(O,) 2 3200 u, M(Ar) 239.95 u 


and M(CO;)- 44.01 u. 


Thus, the number of moles of each gas in the sample is 


75.52 

n(N,)=—2 8 —_ = 2.696 mol 
28.01 g/mol 

n(O,)- 29.5 8... 97234 mol 
32.00 g/mol 

WR te E. daos 
39.95 g/mol 

n(CO,)2— 9 98 —_- 90011 mol 

44.01 g/mol 


The total number of moles is nọ = $ n; = 3.453 mol. Then, the partial pressure of N, is 


P(N;) === (01s x 105 Pa) - [791 kPa |. 
3.453 mol 
Similarly, 
P(O,)-[212kPa|  P(Ar)-[940 Pa P(CO;) - [33.3 Pa 


continued on next page 
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*P19.67 


Temperature 


(b) Solving the ideal gas law equation for V and using T = 273.15 + 15.00 = 288.15 K , we find 


ngRT (3.453 mol)(8.314 J/mol-K)(288.15 K) 


V z 8.166 x10? m? |. 
P 1.013 x 10? Pa 
m  100x10° kg 
Then, p=—= 21122 kg/m? |. 
POU Bdesacdü w 8/ 
(c) The 100 g sample must have an appropriate molar mass to yield nọ moles of gas: that is 


100 g 
M(air) = ——2— - | 29.0 I]. 
Pe d 


Consider a spherical steel shell of inner radius r and much smaller thickness t, containing helium at 
pressure P. When it contains so much helium that it is on the point of bursting into two 


hemispheres, we have Prr? = (5 x 10? N/ m^]z rt. The mass of the steel is 


Pr 


pV 7 p,Azr?t - p,Anr? 0P For the helium in the tank, PV =nRT becomes 


a 


pe ys cao ekra aes 
3 He 


The buoyant force on the balloon is the weight of the air it displaces, which is described by 
M air 


4 
1 atm Vhalloon = RT = Plz. The net upward force on the balloon with the steel tank hanging 


air 
from it is 


 MaPAzr)g MyeP4ar?g p P4rr’g 
3RT 3RT 10° Pa 


+M airg — MHe8 — m.s 


The balloon will or will not lift the tank depending on whether this quantity is positive or negative, 
(Mair zi My) Ps 
3RT 10° Pa 


which depends on the sign of . At 20°C this quantity is 


(28.9 — 4.00) x10 kg/mol 7860 kg/m? 
3(8.314 J/mol-K)293K 10° N/m? 
-341x10 $ s*/m?-7.86x10° s?/m? 


where we have used the density of iron. The net force on the balloon is downward so the helium 


balloon is | not able to lift | its tank. 
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P19.68 With piston alone: T = constant, so PV = P) Vo 


or P(Ah;) = Py (Aho) 
h 
With A = constant, P= P) n 
1 
m 
But, Payt = 
A 


FIG. P19.68 


m 
Thus, Py+ 4n Py M 
which reduces to h; = ine: SHE = 49.81 cm 
myg 20.0 kg(9.80 m/s?) 
legi 1+ 


1.013105 Pa|z(0.400 m] 


With the man of mass M on the piston, a very similar calculation (replacing m, by m, + M) gives: 


MEE. MU SUCHE. —- do Gd 
T (m,+M)g " 95.0 kg(9.80 m/s?) 
RA 1.013x105 Pa[z(0.400 m] 


Thus, when the man steps on the piston, it moves downward by 


Ah = h; — h' = 49.81 cm - 49.10 cm 20.706 cm =| 7.06 mm |. 


(b) P = const, so Ys Y Or Ah; - Ah 
EI T T, 
giving T -T; E 293 «( A aa 297 K (or 24°C) 
h' 49.10 


T; L; L 
P19.69 (a) SIE I EMI T =u 7 rears L; =Le 


[200x10 oct (100°C) ] 


(b) L, =(1.00 m)e = 1.002 002 m 


5.5 exl Ly -Li -6 -4 
L' =1.00 mfi +2.00 x10° °C (100°C)| = 1.002 000 m: ———- = 2.00 x 10° =| 2.00 x 10 ^96 


0x102 °c} 


= (1.00 my? (100°C)] _ 7.389 m 


L, =1.00 mfi + 0.020 0°C*(100°C)| = 3.000 m: =| 59.4% 
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P19.70 At 20.0°C, the unstretched lengths of the steel and copper wires are 


L,(20.0°C) = (2.000 mJ +11.0 x10% (C2) (-20.0°C)] =1.999 56 m 
L,(20.0°C) = (2.000 m1 4170x105 (C9) C200) =1.999 32 m 


Under a tension F, the length of the steel and copper wires are 


L; erji L! DERA where L; +L! = 4000 m. 
YA |, YA |, 


Since the tension, F, must be the same in each wire, solve for F: 


P= (L; +Li)- (L; +L.) 


When the wires are stretched, their areas become 


A, = z(1.000 x 10? m) [1 +(11.0x10° -20.0)} = 3.140 x10 m? 


2 


A, = (1.000 x10? m) [1 «(170x107 )(-20.0)) = 3.139 x10% m? 


Recall Y, = 20.0 x 10? Pa and Y, =11.0x 10" Pa. Substituting into the equation for F, we obtain 


4.000 m- (1.999 56 m+ 1.999 32 m) 


x [1999 56 m]/ (200 x10" PaJ(3140»10 5) m? + [1.999 32 m]/[(110 10" Pa)(3.139 105) m°] 


F=|125N 


To find the x-coordinate of the junction, 


L! = (1.999 56 m) 1+ a =1.999 958 m 


(20.0x10 N/m?)(3.140 x10% m?) 


Thus the x-coordinate is —2.000 + 1.999 958 =| —4.20 x 10? m |. 


P19.71 (a) 


(b) 


(c) 


*P19.72 Some gas will pass through the porous plug from the reaction chamber 1 to the reservoir 2 as the 


Chapter 19 


u- zr^p- z(5.00x107* mJ (76x10? kg/m?- [617 x10? kg/m 


v 
JST iope HE 


Therefore, T = u(2Lf,)” = (6.17 x 10™® )(2 x 0.800 x 200)” =[632 N 


First find the unstressed length of the string at 0°C: 


L 


T 
— | $0 Enatural = 1«T/AY 


L- isi T AY 


= n(5.00 x10% mJ =7.854x107 m? and Y = 20.0 x 10? Pa 


Therefore, Ie one = 4.02 x 10, and 


AY (7.854 x 107 (20.0 x 10") 


(0.800 m) 


(1 +4.02 x 10°) QNID 


L 


natural — 


The unstressed length at 30.0°C is L4o«c = Lyatural [1 + a(30.0°C — 0.0°C)], 


or Lagec = (0.796 8 m1 +(11.0 x 10-500] =0.797 06 m. 


[ 


T 
Since L = Lapoc| 1+ 
wcl AY 


| where T' is the tension in the string at 30.0°C, 


Ay eq (7.854 x10 7 (20.0 x 107?) D800 ESO NE 
30°C 0.797 06 


To find the frequency at 30.0°C, realize that 


HT so ff - (200 Hz), ——— 580'N C92 Hz]. 
fo VT 632N — 


reaction chamber is heated, but the net quantity of gas stays constant according to 


Nil +i? =nf +N 52. 


Assuming the gas is ideal, we apply n = = to each term: 


BW, | BW) Po 0 PI) 


1 = 


(300 K)R (300K)R (673 K)R (300 K)R 


1 atm 2 )-^( 1 + 1 P; =1.12 atm 
300 K 673 K 300K 
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P19.73 


*P19.74 


Temperature 
Let 20 represent the angle the curved rail subtends. We have 


L; + AL = 26R =L,(1+ aAT) 


and sin@=—-= eae 
R 2R 
L. 
Thus, 0 — —-(1- aAT)- (1 aAT)sinO 
29 j= ) FIG. P19.73 
and we must solve the transcendental equation 0 - (1 &AT)sin 8 = (1.000 005 5)sin 8 


Homing in on the non-zero solution gives, to four digits, 0 = 0.018 16 rad = 1.040 5° 


L;(1 -cos 8 
Now, (aR E E 
2sin 0 
This yields | h = 454 m |, a remarkably large value compared to AL = 5.50 cm. 
(a) Let xL represent the distance of the stationary line below the motion 
top edge of the plate. The normal force on the lower part of the 
plate is mg(1— x)cos and the force of kinetic friction on it is = l> 
A ymg(1— x)cos8 up the roof. Again, u,mgx cos 8 acts down the A = 
roof on the upper part of the plate. The near-equilibrium of the xL kb 


1 : E.-0 EM 
plate requires >’ F, temperature rising 


—-uymgx cos *- uymg(1— x)cos0 — mg sind — 0 FIG. P19.74(a) 
-Auymgx cos 0 = mg sin 0 — umg cos 0 
2uyx = Uk —tand 


1 tan 


and the stationary line is indeed below the top edge by xL= AL = e| 
Hk 


(b) With the temperature falling, the plate contracts faster than the 


motion 
roof. The upper part slides down and feels an upward frictional 
force u,mg(1-— x)cos0. The lower part slides up and feels Ve 
kt 
a 


downward frictional force ,mgxcos 0. The equation >) F, =0 


is then the same as in part (a) and the stationary line is above YN > 
the bottom edge by xL = fa n J temperature falling 
a FIG. P19.74(b) 
(c) Start thinking about the plate at dawn, as the temperature xL 


starts to rise. As in part (a), a line at distance xL below the top d 


edge of the plate stays stationary relative to the roof as long as 

the temperature rises. The point P on the plate at distance xL 

above the bottom edge is destined to become the fixed point P 
when the temperature starts falling. As the temperature rises, 
this point moves down the roof because of the expansion of the 
central part of the plate. Its displacement for the day is 


,xL 
1 


FIG. P19.74(c) 
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Zig, Zr i ane) T,) 


Hk 


E: an [E888 n) 


Hk 


573 


At dawn the next day the point P is farther down the roof by the distance AL. It represents 


the displacement of every other point on the plate. 


(à — (a;-a,) E? (m, -.)- (24s 1075115107 E Intende arii aam 
"n C? C? 0.42 
(e) If à; < æ, the diagram in part (a) applies to temperature falling and the diagram in part (b) 


applies to temperature rising. The weight of the plate still pulls it step by step down the 


roof. The same expression describes how far it moves each day. 


ANSWERS TO EVEN PROBLEMS 


P19.2 


P19.4 


P19.6 


P19.8 


P19.10 


P19.12 


P19.14 


P19.16 


P19.18 


P19.20 


P19.22 


P19.24 


P19.26 


P19.28 


P19.30 


(a) 1.06 atm; (b) -124°C P19.32 (a) 900 K; (b) 1200 K 

(a) 37.0°C 2310 K; (b) —20.6°C = 253 K P19.34 see the solution 

Te = (1.33 C°/S°)Ts + 20.0°C P19.36 3.96 x10 mol 

0.313 m P19.38 3.67 cm? 

1.20 cm P19.40 between 10! kg and 10° kg 
15.8um P19.42 . 241x10!! molecules 

0.663 mm to the right at 78.2? below the P19.44 (a) 2.24 m; (b) 9.28 x 10? Pa 
horizontal 


P19.46 0.523 kg 


y! 2 ; i 
Saa INCECASE P19.48 (a) see the solution; (b) a «« 8 


(a) 437°C; (b) 3 000°C ; no : 
P19.50 (a) 0.169 m; (b) 1.35 x 10? Pa 


6 2, 
0.812 cm? - a, )L,AT 
P19.54 (a) d= aa ; (b) see the solution; 
r 
(a) 396 N; (b) -101°C; (c) no change (c) it bends the other way; (d) 0.830? 
(a) 2.99 mol; (b) 1.80 x10™ molecules P19.56 (a) increase by 95.0 us; (b) loses 57.5 s 
884 balloons P19.58 (a) B= pgPyV;(Py + pgd) up; (b) decrease; 


c) 10.3 m 
(a) 1.06 x10” kg; (b) 569 K ©) 
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P19.60 


P19.62 


P19.64 


P19.66 


Temperature 


(a) yes; see the solution; (b) 25.7 rad/s 


y x L(2aAT) ? 


(a) see the solution; 
(b) 3.66 x 107° K™, within 0.06% and 0.2% 
of the experimental values 


(a) 79.1 kPa for N5; 21.2 kPa for O,; 
940 Pa for Ar; 33.3 Pa for CO,; 
(b) 81.7 L; 1.22 kg/m? ; (c) 29.0 g/mol 


P19.68 


P19.70 


P19.72 


P19.74 


(a) 7.06 mm; (b) 297 K 
125 N; —42.0um 
1.12 atm 


(a), (b), (c) see the solution; (d) 0.275 mm; 
(e) see the solution 


Q20.5 


Q20.6 


Q20.7 


Q20.8 


Heat and the First Law of 
Thermodynamics 


ANSWERS TO QUESTIONS 


Q20.1 Temperature is a measure of molecular motion. Heat is energy 
in the process of being transferred between objects by random 
molecular collisions. Internal energy is an object's energy of 
random molecular motion and molecular interaction. 


Q20.2 The AT is twice as great in the ethyl alcohol. 


Q20.3 The final equilibrium temperature will show no significant 
increase over the initial temperature of the water. 


Q20.4 Some water may boil away. You would have to very precisely 
measure how much, and very quickly measure the 
temperature of the steam; it is not necessarily 100°C. 


The fingers are wetted to create a layer of steam between the fingers and the molten lead. The steam 
acts as an insulator and can prevent or delay serious burns. The molten lead demonstration is 
dangerous, and we do not recommend it. 


Heat is energy being transferred, not energy contained in an object. Further, a large-mass object, or 
an object made of a material with high specific heat, can contain more internal energy than a higher- 
temperature object. 


There are three properties to consider here: thermal conductivity, specific heat, and mass. With dry 
aluminum, the thermal conductivity of aluminum is much greater than that of (dry) skin. This 
means that the internal energy in the aluminum can more readily be transferred to the atmosphere 
than to your fingers. In essence, your skin acts as a thermal insulator to some degree (pun intended). 
If the aluminum is wet, it can wet the outer layer of your skin to make it into a good conductor of 
heat; then more internal energy from the aluminum can get into you. Further, the water itself, with 
additional mass and with a relatively large specific heat compared to aluminum, can be a significant 
source of extra energy to burn you. In practical terms, when you let go of a hot, dry piece of 
aluminum foil, the heat transfer immediately ends. When you let go of a hot and wet piece of 
aluminum foil, the hot water sticks to your skin, continuing the heat transfer, and resulting in more 
energy transfer to you! 


Write 1000 kg(4186 J/kg ^C)(1*C) - V(13 kg/m? (1000 J/kg-°C)(1°C) to find V 23.2x10? m°. 


575 


576 Heat and the First Law of Thermodynamics 


Q20.9 


Q20.10 


Q20.11 


Q20.12 


Q20.13 


Q20.14 


Q20.15 


Q20.16 


Q20.17 


Q20.18 


Q20.19 


The large amount of energy stored in concrete during the day as the sun falls on it is released at 
night, resulting in an higher average evening temperature than the countryside. The cool air in the 
surrounding countryside exerts a buoyant force on the warmer air in the city, pushing it upward 
and moving into the city in the process. Thus, evening breezes tend to blow from country to city. 


If the system is isolated, no energy enters or leaves the system by heat, work, or other transfer 
processes. Within the system energy can change from one form to another, but since energy is 
conserved these transformations cannot affect the total amount of energy. The total energy is 
constant. 


(a) and (b) both increase by minuscule amounts. 


The steam locomotive engine is a perfect example of turning internal energy into mechanical 
energy. Liquid water is heated past the point of vaporization. Through a controlled mechanical 
process, the expanding water vapor is allowed to push a piston. The translational kinetic energy of 
the piston is usually turned into rotational kinetic energy of the drive wheel. 


Yes. If you know the different specific heats of zinc and copper, you can determine the fraction of 
each by heating a known mass of pennies to a specific initial temperature, say 100°C, and dumping 
them into a known quantity of water, at say 20°C. The final temperature T will reveal the metal 
content: 


M pennies [xcc, i = X)Czn {100°C 7 T) = Tuo CH,O (T E 20°C). 


Since all quantities are known, except x, the fraction of the penny that is copper will be found by 
putting in the experimental numbers mM pennies; MH,07 T(final), czn, and ccu. 


The materials used to make the support structure of the roof have a higher thermal conductivity 
than the insulated spaces in between. The heat from the barn conducts through the rafters and melts 
the snow. 


The tile is a better thermal conductor than carpet. Thus, energy is conducted away from your feet 
more rapidly by the tile than by the carpeted floor. 


The question refers to baking in a conventional oven, not to microwaving. The metal has much 
higher thermal conductivity than the potato. The metal quickly conducts energy from the hot oven 
into the center of potato. 


Copper has a higher thermal conductivity than the wood. Heat from the flame is conducted through 
the copper away from the paper, so that the paper need not reach its kindling temperature. The 
wood does not conduct the heat away from the paper as readily as the copper, so the energy in the 
paper can increase enough to make it ignite. 


In winter the interior of the house is warmer than the air outside. On a summer day we want the 
interior to stay cooler than the exterior. Heavy draperies over the windows can slow down energy 
transfer by conduction, by convection, and by radiation, to make it easier to maintain the desired 
difference in temperature. 


You must allow time for the flow of energy into the center of the piece of meat. To avoid burning the 
outside, the meat should be relatively far from the flame. If the outer layer does char, the carbon will 
slow subsequent energy flow to the interior. 


Q20.20 


Q20.21 


Q20.22 


Q20.23 


Q20.24 


Q20.25 


Q20.26 


Q20.27 


Q20.28 
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At night, the Styrofoam beads would decrease the overall thermal conductivity of the windows, and 
thus decrease the amount of heat conducted from inside to outside. The air pockets in the Styrofoam 
are an efficient insulator. During the winter day, the influx of sunlight coming through the window 
warms the living space. 

An interesting aside—the majority of the energy that goes into warming a home from 
sunlight through a window is not the infrared light given off by the sun. Glass is a relatively good 
insulator of infrared. If not, the window on your cooking oven might as well be just an open hole! 
Glass is opaque to a large portion of the ultraviolet range. The glass molecules absorb ultraviolet 
light from the sun and re-emit the energy in the infrared region. It is this re-emitted infrared 
radiation that contributes to warming your home, along with visible light. 


In winter the produce is protected from freezing. The heat capacity of the earth is so high that soil 
freezes only to a depth of a few decimeters in temperate regions. Throughout the year the 
temperature will stay nearly constant all day and night. Factors to be considered are the insulating 
properties of soil, the absence of a path for energy to be radiated away from or to the vegetables, and 
the hindrance to the formation of convection currents in the small, enclosed space. 


The high mass and specific heat of the barrel of water and its high heat of fusion mean that a large 
amount of energy would have to leak out of the cellar before the water and the produce froze solid. 
Evaporation of the water keeps the relative humidity high to protect foodstuffs from drying out. 


The sunlight hitting the peaks warms the air immediately around them. This air, which is slightly 
warmer and less dense than the surrounding air, rises, as it is buoyed up by cooler air from the 
valley below. The air from the valley flows up toward the sunny peaks, creating the morning breeze. 


Sunlight hits the earth and warms the air immediately above it. This warm, less-dense air rises, 
creating an up-draft. Many raptors, like eagles, hawks and falcons use updrafts to aid in hunting. 
These birds can often be seen flying without flapping their wings—just sitting in an updraft with 
wings extended. 


The bit of water immediately over the flame warms up and expands. It is buoyed up and rises 
through the rest of the water. Colder, more dense water flows in to take its place. Convection 
currents are set up. This effectively warms the bulk of the water all at once, much more rapidly than 
it would be by heat being conducted through the water from the flame. 


The porcelain of the teacup is a thermal insulator. That is, it is a thermal conductor of relatively low 
conductivity. When you wrap your hands around a cup of hot tea, you make A large and L small in 


the equation ? = kA EUM for the rate of energy transfer by heat from tea into you. When you hold 


the cup by the handle, you make the rate of energy transfer much smaller by reducing A and 
increasing L. The air around the cup handle will also reduce the temperature where you are 
touching it. A paper cup can be fitted into a tubular jacket of corrugated cardboard, with the 
channels running vertically, for remarkably effective insulation, according to the same principles. 


As described in the answer to question 20.25, convection currents in the water serve to bring more of 
the heat into the water from the paper cup than the specific heats and thermal conductivities of 
paper and water would suggest. Since the boiling point of water is far lower than the kindling 
temperature of the cup, the extra energy goes into boiling the water. 


Keep them dry. The air pockets in the pad conduct energy by heat, but only slowly. Wet pads would 
absorb some energy in warming up themselves, but the pot would still be hot and the water would 
quickly conduct and convect a lot of energy right into you. 
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Q20.29 


Q20.30 


Q20.31 


Q20.32 


Q20.33 


Q20.34 


Heat and the First Law of Thermodynamics 


The person should add the cream immediately when the coffee is poured. Then the smaller 
temperature difference between coffee and environment will reduce the rate of energy loss during 
the several minutes. 


The cup without the spoon will be warmer. Heat is conducted from the coffee up through the metal. 
The energy then radiates and convects into the atmosphere. 


Convection. The bridge deck loses energy rapidly to the air both above it and below it. 


The marshmallow has very small mass compared to the saliva in the teacher's mouth and the 
surrounding tissues. Mostly air and sugar, the marshmallow also has a low specific heat compared to 
living matter. Then the marshmallow can zoom up through a large temperature change while 
causing only a small temperature drop of the teacher's mouth. The marshmallow is a foam with 
closed cells and it carries very little liquid nitrogen into the mouth. The liquid nitrogen still on the 
marshmallow comes in contact with the much hotter saliva and immediately boils into cold gaseous 
nitrogen. This nitrogen gas has very low thermal conductivity. It creates an insulating thermal 
barrier between the marshmallow and the teacher's mouth (the Leydenfrost effect). A similar effect 
can be seen when water droplets are put on a hot skillet. Each one dances around as it slowly 
shrinks, because it is levitated on a thin film of steam. The most extreme demonstration of this effect 
is pouring liquid nitrogen into one's mouth and blowing out a plume of nitrogen gas. We strongly 
recommended that you read of Jearl Walker's adventures with this demonstration rather than trying 
it. 


(a) Warm a pot of coffee on a hot stove. 


(b) Place an ice cube at 0°C in warm water—the ice will absorb energy while melting, but not 
increase in temperature. 


(c) Let a high-pressure gas at room temperature slowly expand by pushing on a piston. Work 
comes out of the gas in a constant-temperature expansion as the same quantity of heat flows 
in from the surroundings. 


(d) Warm your hands by rubbing them together. Heat your tepid coffee in a microwave oven. 
Energy input by work, by electromagnetic radiation, or by other means, can all alike 
produce a temperature increase. 


(e) Davy's experiment is an example of this process. 


(f) This is not necessarily true. Consider some supercooled liquid water, unstable but with 
temperature below 0°C. Drop in a snowflake or a grain of dust to trigger its freezing into 
ice, and the loss of internal energy measured by its latent heat of fusion can actually push its 
temperature up. 


Heat is conducted from the warm oil to the pipe that carries it. That heat is then conducted to the 
cooling fins and up through the solid material of the fins. The energy then radiates off in all 
directions and is efficiently carried away by convection into the air. The ground below is left frozen. 
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SOLUTIONS TO PROBLEMS 


Section 20.1 Heat and Internal Energy 


P20.1 Taking m — 1.00 kg, we have 
AU, = mgh = (1.00 kg)(9.80 m/s? (50.0 m) = 490 J. 

But AU,- Q 2 mcAT = (1.00 kg)(4 186 J/kg-°C)AT = 490 J so AT =0.117°C 

Tr zT; c AT = (10.0 + 0.117) C 


P20.2 The container is thermally insulated, so no energy flows by heat: 
Q-0 
and AE; 4 =Q+ Winput = 0 + Winput = 2mgh 


The work on the falling weights is equal to the work done on the 
water in the container by the rotating blades. This work results in 
an increase in internal energy of the water: 

2mgh = AE, =m cAT 


water 


2mgh 2x150 kg(9.80 m/s*)(3.00m) — gg] ee 


c 0.200 kg(4186 J/kg^C) 837 J/°C 


AT = 


m water 


=| 0.105°C 


FIG. P20.2 


Section 20.2 Specific Heat and Calorimetry 


P20.3 AQ = MC giver AT 
1.23 kJ = (0.525 kg)csitver (10.0°C) 
0.234 kJ/kg-°C | 


C 


silver 7 


P20.4 From Q=mcAT 


we find AT= Q E = 62.0°C 
mc 0.050 0 kg(387 J/kg-°C) 


Thus, the final temperature is | 87.0°C |. 


*P20.5 We imagine the stone energy reservoir has a large area in contact with air and is always at nearly the 
same temperature as the air. Its overnight loss of energy is described by 


Q mAT 

AE At 

_ t (-6 000 J/s)(14 h)(3 600 s/h) _ 3.02 x108 J-kg-°C E 
cAT (850 J/kg-°C)(18°C -38°C) 850 J(20°C) 


P 


1.78x10* kg 
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*P20.6 The laser energy output: 


gt =(1.60 x10"? J/s)2.50x10~ s = 400x10* J. 
The teakettle input: 
Q = mcAT = 0.800 kg(4 186 J/kg-°C)80°C = 2.68 x 10° J. 
This is larger by 6.70 times. 


P20.7 Qeoia = —Qhot 
(mcAT) - -(mcAT) 


water 


20.0 kg(4186 J/kg-°C)(T; — 25.0°C) = -(1.50 kg)(448 J/kg.?C)(T, - 600°C) 
A 


P20.8 Let us find the energy transferred in one minute. 


iron 


Q = aoe +M waterC water jar 


Q=[(0.200 kg)(900 J/kg-°C) + (0.800 kg)(4186 J/kg-°C)|-1.50°C) = -5 290 J 


If this much energy is removed from the system each minute, the rate of removal is 


e. 52903 i, J/s=| 88.2 W |. 


At 60.0s 


P20.9 (a) Qaia = -Qhot 
(me, + m.c, XT, vs 1) m —Meulcu(T; = Teu) T TC (Ty > Lax 


where w is for water, c the calorimeter, Cu the copper sample, and unk the unknown. 


[250 g(1.00 cal/g-°C) +100 g(0.215 cal/g-°C)|(20.0 -10.0*C 
= - (50.0 g)(0.092 4 cal/g-*C)(20.0 — 80.0) C — (70.0 ¢) cnx (20.0 - 100)°C 
2.44 x 10? cal - (5.60 x 10? g-°C)c 


unk 


OF Cynk =| 0.435 cal/g-°C |. 


(b) The material of the sample is | beryllium |. 


P20.10 


*P20.11 


P20.12 


P20.13 
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(a) (f )(mgh) = mcAT 
(0.600)(3.00 x 10? kg (9.80 m/s”)(50.0 m) 


= (3.00 g)(0.092 4 cal/g-°C)(AT) 


4.186 J/cal 
AT =0.760°C; | T = 25.8*C 
(b) No |. Both the change in potential energy and the heat absorbed are proportional to the 


mass; hence, the mass cancels in the energy relation. 


We do not know whether the aluminum will rise or drop in temperature. The energy the water can 


absorb in rising to 26°C is mcAT — 0.25 kg 4186 cec —6 279 J. The energy the copper can put 
8 


out in dropping to 26°C is mcAT =0.1 kg 37 748°C = 2 864 J . Since 6 279 J > 2864], the final 
8 


temperature is less than 26°C. We can write Q, =—Q, as 


Qatet +Qai TO. -0 
J J 
0.25 kg 4186 ——_(T, — 20°C}+0.4 kg 900 ——_(T, — 26°C 
: TE f 5 TE f 


J 
40.1 kg 387 — — (T, -100°C)=0 
5 TA f 


1046.5T, — 20 930°C + 360T', — 9 360°C + 38.7T ; -3870* C =0 
1445.27, = 34160°C 


T, =| 236°C 


Quod = -Qhot 
m CA (T, -T, mc, (T, -T,)= -myc, (T, -T,) 


(MACA mic )T; — (maja + mic )T, = -micsT, + MpCwTh 


(MACA +11 Cw mac, Ts = (MACA + mec; Te +My oT 


(MACA mec, T. * mic, T, 


T; = 


M yjCay 0 IH UC +M),C,, 


The rate of collection of energy is ? = 550 w/ m’ (6.00 m?) =3 300 W. The amount of energy 
required to raise the temperature of 1 000 kg of water by 40.0°C is: 


Q 7» mcAT =1 000 kg(4186 J/kg-°C)(40.0°C) = 1.67 x 10° J 
Thus Mt=1.67x108 J 


8 
or Ap EOP 10] oem ks ata hi, 
3300W 
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*P20.14 Vessel one contains oxygen according to PV =nRT: 


py 1.75(1.013 x 10° PaJ16.8x 10? n? 
n.- = 


2 - 1.194 mol. 
RT 8.314 Nm/mol-K 300K 
Vessel two contains this much oxygen: 
2.25(1.013 x 10° 22.4 x 10? 
Ny = mol = 1.365 mol. 
8.314(450) 
(a) The gas comes to an equilibrium temperature according to 
(mcAT) ig = (MCAT) ot 


n, Mc(T, -300 K)+n,Mc(T; - 450 K) - 0 
The molar mass M and specific heat divide out: 


1.194T, —358.2 K+1.365T; -614.1 K =0 


uc 9723K _ 380K 
2.559 
(b) The pressure of the whole sample in its final state is 


nRT ^ 2.559 mol8.314] 380 K 
V | molK(224416.8) x10? m? 


P= =| 2.06x10° Pa |=2.04 atm. 


Section 20.3 Latent Heat 
P20.15 The heat needed is the sum of the following terms: 


Qneedeg = (heat to reach melting point) (heat to melt) 
+(heat to reach melting point) (heat to vaporize) + (heat to reach 110°C) 


Thus, we have 
Qneeded = 0.040 0 kg|(2 090 J/kg-°C)(10.0°C) + (3.33 x 10° J/kg) 


+(4186 J/kg-°C)(100°C) + (2.26 x 10° J/kg) (2010 J/kg°C)(10.0°C)] 


Qneeded =| 1.22 x 10° J 


P2036 — Qi = —Qhot 
(mac, mc. XT, -T;) = -m,|-L, CN eae 100) 
[0.250 kg(4 186 J/kg;*C) + 0.050 0 kg(387 J/kg-°C)|(50.0°C - 20.0°C) 
--m,[-226 «105 J/kg « (4186 J/kg-°C)(50.0°C - 100*C)] 


3.20 x 104 J 
2.47 x10° J/kg 


= 0.012 9 kg =) 12.9 g steam 


S 


P20.17 


P20.18 
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The bullet will not melt all the ice, so its final temperature is 0°C. 
Then [ime + máar| -maL, 
2 bullet 


where m, is the melt water mass 


0.500(3.00 x10? kg (240 m/s) 3.00 x 10? kg(128 J/kg-°C)(30.0°C) 
mM, = 


i 3.33x10? J/kg 
|.864]4115] - 
" 333 000 J/kg 


0.294 g 


(a) Q, = heat to melt all the ice = (50.0 x10? kg (3.33 x 10? J/kg) =1.67 x 10* J 
Q, = (heat to raise temp of ice to 100°C) 
= (50.0 x 10° kg)(4186 J/kg-°C)(100°C) = 2.09 x 10* J 


Thus, the total heat to melt ice and raise temp to 100°C =3.76 x 10* J 


heat available 


= - (10.0 x10? ke\2.26x10° J/ke)=2.26 x 104 
2 as steam condenses (10.0 x 9 3! 6x 0 J/ g) 6x 0 J 


Thus, we see that Q5 > Q,, but Q3 < Qı +Q3. 
Therefore, all the ice melts but T; <100°C. Let us now find T; 


(Quia = -Qs 
(50.0 10? kgJ(3.33 x 10° J/kg)-- (50.0 x 10? kg (4186 J/kg-°C)(T; - 0*C) 


= -(100 x10? kg)(-2.26 x10° J/kg)- (10.0 10? kg (4186 J/kg-°C)(T; - 100°C) 


From which, T; = 40.4°C |. 


(b) Q, = heat to melt all ice =1.67 x 10* J [See part (a)] 
heat given up 2B 6 3 

= -[10" kg}(2.26x10° J/kg)=2.26 x 10 
? as steam condenses ( s) x L s) SN 


heat given up as condensed 


; - (10? kg)(4186 J/kg-°C)(100°C) = 419 J 


steam cools to 0°C 


Note that Q, +Q; « Q,. Therefore, the final temperature will be 0°C with some ice 
remaining. Let us find the mass of ice which must melt to condense the steam and cool the 
condensate to 0°C. 


mL, =Q, +Q; = 2.68 x10° J 


2.68 x 10° J 
3.33 x 10° J/kg 


Thus, m =8.04x 10° kg =8.04 g. 


Therefore, there is | 42.0 g of ice left over |. 
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P20.19 


*P20.20 


P20.21 


P20.22 


Q= MeylcyAT = MN, (Lap), 


1.00 kg(0.092 0 cal/g-°C)(293 —77.3)°C = m(48.0 cal/g) 
m=| 0.414 kg 


The original gravitational energy of the hailstone-Earth system changes entirely into additional 
internal energy in the hailstone, to produce its phase change. No temperature change occurs, either 
in the hailstone, in the air, or in sidewalk. Then 


mgy = mL 
5 2/.2 
 L 333x10 J/kg lkg-m"/s"| [10x10 m 
g — 98 m/s tJ 


(a) Since the heat required to melt 250 g of ice at 0°C exceeds the heat required to cool 600 g of 
water from 18°C to 0°C, the final temperature of the system (water + ice) must be | 0°C |. 


(b) Let m represent the mass of ice that melts before the system reaches equilibrium at 0°C. 
Qeoia y zi ust 
mL, = —m,,c,(0*C — T;) 
m(3.33 x 105 J/kg) - -(0.600 kg)(4186 J/kg-°C)(0°C - 18.0°C) 


m = 136 g, so the ice remaining = 250g -136 g =| 114g 


The original kinetic energy all becomes thermal energy: 


; mo? + : mo? = (5 \.00 x10? kg)(500 m/s)” 21.25 KJ. 
Raising the temperature to the melting point requires 
Q=mcAT 210.0 x 10? kg(128 J/kg-°C)(327°C - 20.0°C) = 393 J. 
Since 1 250 J > 393 J, the lead starts to melt. Melting it all requires 


Q-mL - (10.0 x10 kgJ(2.45 x 10* J/kg) = 245 J. 


Since 1 250 J > 393 + 245 J, it all melts. If we assume | liquid lead | has the same specific heat as solid 


lead, the final temperature is given by 


1.25 x 10? J = 393 J+ 245 J - 10.0 x 10? kg(128 J/kg^CXT; = 327°C) 


T, = 805°C 


Section 20.4 — Work and Heat in Thermodynamic Processes 


P20.23 


P20.24 


P20.25 


P20.26 


P20.27 


f 
Wy = -Í PdV 
i 


The work done on the gas is the negative of the area under the 
curve P = aV? between V; and Vr. 


f 1 
W; = d aV?dV = -34lvi = v? 


V, = 2V; = 2(1.00 m?) = 2.00 m? 


(a) W =-| Pav 
W = -(6.00 x 10* PaJ(2.00 — 1.00) m? + 
- (4.00 x 105 Pa (3.00 — 2.00) m? + 
- (2.00 x 105 Pa (4.00 - 3.00) m? 


W; =| -120 MJ 


1 


W, = -=|(6.00 atm/m* J(1.013 x 10° Pa/atm) | (200 m?) «(100 my -[-118 MJ 
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f 


I 
I 
I 
I 
i 
I 
O 100m? 2.00 m? 


FIG. P20.23 


() Wy; [120 MJ T 


V(m?) 


BL 


1 
1 1 
! 1 
i 
2 3 


FIG. P20.24 


—466 J 


W =-PAV fr, T;) = -nRAT = -(0.200)(8.314(280) = 


f : 
W - - [Pav = Pav = PAV =-nRAT =| -nR(T; -T,) 
i i 


During the heating process P = (& y. 


i 


f 8 p 
(a) W 2 -[Pav -- | (à uv 


Vi 
we {2 
V; j) 2 


V, 
(D  PV=nRT 


i (9v? - v?)- | -4Rv; 
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Temperature must be proportional to the square of volume, rising to nine times its original 


value. 
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Section 20.5 The First Law of Thermodynamics 


P20.28 


P20.29 


P20.30 


P20.31 


P20.32 


(a) W =-PAV - -(0.800 atm)(-7.00 L)(1.013x 10° Pa/atm(10? m°/L) =| +567 J 


(b AE = Q+W =-400 J +567 J =| 167J 


AE w =Q+W 


int 


Q = AE,,-W = -500 J- 220] =| -720 J 


The negative sign indicates that positive energy is transferred from the system by heat. 


(a) Q=-W = Area of triangle P(kPa) 
1 8 ae ee OS CEU TCU ae 
Q= 5 (4.00 m? (6.00 kPa) =| 12.0 KJ 
6 = 
b  Q=-W=| -20K 
4 — 
PA PME S, 
3 
FIG. P20.30 
Q W AE int 
BC - 0 - (Q = AE; since Wc = 0) 
CA - t - (AE int «0 and W » 0, so Q«0) 
AB + - + (W «0, AE; > 0 since AE, <0 for B C A; soQ>0) 
Wac =—P3 (Vc — Vg) = -3.00 atm(0.400 — 0.090 0) m? etn) 
B € 
--942 kJ 3.0 - 
AE int =Q+W 
l 
Eint c — Eint, p = (100 - 94.2) kJ i : 
l 
Eint, c — Eint B = 579 kJ A i l i 
! l ! l 
l l 
Since T is constant, 3090 i T40 1 Vm?) 
Eint D7 Eint, Qu 0 
FIG. P20.32 


Wpa — -P5(V4 — Vp) = 1.00 atm(0.200 — 1.20) m? 
- 4101 kj 
Eint, a — Eim p = 7150 kJ - (4101 kJ) = -48.7 kJ 


Now, Eint B ~ Eint A = (Eins, C 7 Ein, s)* (Ene D ~ Ein, c)+ (Eint, A = Eins p)] 


Eint B — Eint, a = - [5.79 kJ 0- 48.7 kJ] =| 42.9 KJ 
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*P20.33 The area of a true semicircle is =a. The arrow in Figure P20.33 FORES) 


looks like a semicircle when the scale makes 1.2 L fill the same 
space as 100 kPa. Its area is 


1 1 P 
75724 L)(200 kPa) = 5724 x10? m?\(2x10° N/m’). 


The work on the gas is 


1.2 3.6 6.0 


B 
W= - [Pav = —area under the arch shown in the graph FIG. P20.33 
A 


- (5 72.4(200) J+3x 10° N/m? 48x10? m°) 


= —(754J +1 440 J) = -2190 J 


AEn =Q +W =5790 J- 2190 J =| 3.60 kJ 


Section 20.6 Some Applications of the First Law of Thermodynamics 


ua di 
P20.34 (a) W =-nRTIn =-P;V; In| —- 
V V 


1 


=| 0.007 65 m? 


so V; = V; exp| + PN (0.025 0) exp ae. 
Ei. 


0.025 0(1.013 x 105) 


PV, 1013x 105 Pa(0.025 0 m?) 


305 K 
nR 1.00 mol(8.314 J/K mol) 


(b) T, 


P20.35 (a) AEn =Q- PAV =12.5 kJ- 2.50 kPa(3.00 —1.00) m? =| 7.50 kJ 


Ww OV 
NE: 
1 2 
T, - YA m, = 300 (300 K)- [900 K 
WU 100 


P2036 (a) W-=-PAV=-P[3aVAT] 


= -(1.013 x 10° N/m”) 


a(240x10%0c 7] — O88 asoc) 
270x10? kg/m 


W =| -48.6 mJ 


(b  Q=cmAT =(900 J/kg-°C)(1.00 kg)(18.0°C) =| 16.2 kJ 


(c) AE int =Q +W =16.2 kJ- 48.6 mJ =| 16.2 kJ 
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P20.37 


P20.38 


P20.39 


P20.40 


Heat and the First Law of Thermodynamics 


P(nRT) 18.0 g 
W --PAV =-P(V, -V,,)= x 
| p (1.00 g/cm? (109 cm?/m*) 
W =-(1.00 mol)(8.314 J/K-mol)(373 K) « (1013 x 10? n/n | eee | 
10 g/m 


Q = mL, =0.018 0 kg(2.26x 105 J/kg) = 40.7 kJ 


AE int =Q+W= 


(a) 


(b) 


(c) 


(a) 


(b) 


(c) 


AE int, ABC — AE int, AC 


(a) 


(d) 


37.6 kJ 


The work done during each step of the cycle equals the 
negative of the area under that segment of the PV curve. 


W =-P,(V; —3V,)+0-3P,(3V; - V;) +0 =| -4BV, 


1:54 


The initial and final values of T for the system are equal. R; 
Therefore, AE;,, =0 and Q =—W =| AEV; 


W =-4BV, =—4nRT, = —4(1.00)(8.314)(273) = | -9.08 KJ 


PV, = P;V; =nRT = 2.00 mol(8.314 J/K-mol)(300 K) = 4.99 x 10° J 
| nRT _ 4.99x10° J 
" R 0.400 atm 


3 
nRT  499x10 Lkw 0.0410 m? 
B; 120atm 3 


Vee 


V 
W - - [ PAV =-nRT In] — |= (4.99 x 10° In 1) [4548 
V, 3 


i 


AE, 20-2 Q4W 
Q =| -5.48 KJ 


(conservation of energy) 


AE int, Agc = QApc +Wagc (First Law) 


Q anc = 800 J--500] 2 [1300] 


Wcp = —P-AVep, AV ap = —AVcp, and Py = 5Pc 
1 1 
Then, Wep == P4AV4g 7 — Wag - 100 J 


(+ means that work is done on the system) 


Wepa =Wep so that Qca =AE int, ca -Wena = -800 J-100 J=] -900 J 


-30K 
P 
| B C 
| A! iD 
* y O 
FIG. P20.38 
P 
A B 
D C 
FIG. P20.40 


(- means that energy must be removed from the system by heat) 


AEint, cp = AEint, cpa 7 AEint, pa = -800] -500 J = -1 300 J 
and Qep = AEmt cp - Wep = -1300 J- 100] =| 214007 


Section 20.7 Energy Transfer Mechanisms 


P20.41 


P20.42 


P20.43 


P20.44 


*P20.45 


P20.46 


popa 
L 


= 2L — 100 W(0.0400 m) 
AAT 1.20 m?(15.0°C) 


-[222x10? W[m*C 


kAAT (0.800 W/m-°C)(3.00 m?)(25.0°C) 


9 


=1.00 x104 W =| 10.0 kW 


6.00 x10 m 


In the steady state condition, au = Sag 


AT AT 
so that kauAAu| — | — KagAAe| — 
Au "I UR Ag al A 
In this case Aau HAAS 
Insulation 

AX Ay = AX ag 

ATA, = (80.0 - T) FIG. P20.43 
and AT, = (T — 30.0) 
where T is the temperature of the junction. 
Therefore, Ky (80.0 - T) = ka, (T - 30.0) 
And T =51.2°C 

AAT (6.00 m? (50.0*C) 

g 1.34 kW 
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We suppose that the area of the transistor is so small that energy flow by heat from the transistor 


t X [2(4.00%10° m)]/[0.800 w/m*c]«[s00 10? m]/[0.023 4 w/m*c] - 


directly to the air is negligible compared to energy conduction through the mica. 


go am 

9 —kA (T,- T.) 
PL 1.50 W(0.085 2x10? m) 

T, =T, + - 3509 C4 ——, =| 67.9°C 
kA (0.0753 W/m-°C)(8.25 x 625)10 ^ m 

From Table 20.4, 


(a) R =| 0.890 ft? -°F-h/Btu 


(b) The insulating glass in the table must have sheets of glass less than ; inch thick. So we 


estimate the R-value of a 0.250-inch air space as = 


Then for the double glazing 


2o IE 2o $ 
Re 0.90-+(S2 Jor + 0.850 pee ew 
3.50 Btu Btu 
1.85 


(c) Since A and (T; —T,) are constants, heat flow is reduced by a factor of Tce 


times that of the thicker air space. 


2.08 |. 
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P20.47 


P20.48 


P20.49 


P20.50 


P20.51 


$ = cAeT* = (5.669 6x 10° W/m? | 4n(696 x 108 m)? (oss) 800 K)* 


P =| 3.77 x10% W 


Suppose the pizza is 70 cm in diameter and ¢ = 2.0 cm thick, sizzling at 100°C. It cannot lose heat by 
conduction or convection. It radiates according to ? = oAeT*. Here, A is its surface area, 


Az 2zr? +2arl = 22(0.35 m)? +27(0.35 m)(0.02 m) 20.81 m?. 


Suppose it is dark in the infrared, with emissivity about 0.8. Then 


$-(5.67x10* W/m?.K* (0.81 m? (0.80373 K)* 2710 W| — 10° W |. 


If the density of the pizza is half that of water, its mass is 
m= pV = par*l= (500 kg/m? J«(0.35 m)^ (0.02 m)-4kg. 


Suppose its specific heat is c — 0.6 cal/g-°C. The drop in temperature of the pizza is described by: 


Q-mT, - T;) 
dT 
4:88 uo ug 
dt dt 
dT, 9 710 
E J/s =0.07 °C/s|~ 107 K/s 


dt mc (4kg)\(0.6-4186 J/kg-°C) 


P= oAeT* 
2.00 W =(5.67x10® W/m? -K*)(0.250 x10 m? (0.950)T* 


T - (149 x10" Kt)" ~[3.49x10° K 


We suppose the earth below is an insulator. The square meter must radiate in the infrared as much 
energy as it absorbs, ? = cAeT*. Assuming that e = 1.00 for blackbody blacktop: 


1000 W =(5.67x10-* W/m? -K* 1.00 m? (1.00)7* 
JA 


T- (1.76 x 10? K‘) 364 K | (You can cook an egg on it.) 


The sphere of radius R absorbs sunlight over the area of its day hemisphere, projected as a flat circle 
perpendicular to the light: z R?. It radiates in all directions, over area Az R?. Then, in steady state, 


F =P 
Fin = Jout 


e(1340 W/m? e R? - eo(4z R?T* 


The emissivity e, the radius R, and zall cancel. 
1/4 


1340 W/m? 


-[277K |- C. 
4(5.67 x10 * W/m? K*) 


Therefore, T = 
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Additional Problems 


P20.52 


P20.53 


P20.54 


77.3 K=-195.8°C is the boiling point of nitrogen. It gains no heat to warm as a liquid, but gains heat 
to vaporize: 


Q = mL, = (0.100 kg)(2.01 x105 J/kg) = 2.01x10* J. 
The water first loses heat by cooling. Before it starts to freeze, it can lose 
Q = mcAT = (0.200 kg)(4186 J/kg-°C)(5.00°C) = 4.19 x 10? J. 


The remaining (201 x 104 — 419 x 10°) J=1.59x10* J that is removed from the water can freeze a 


mass x of water: 


Q = mL, 

1.59 x 10* J = (3.33 x 105 J/kg) 

x =0.047 7 kg = of water can be frozen 
The increase in internal energy required to melt 1.00 kg of snow is 

AE nq = (1.00 kg)(3.33 x 10° J/kg) = 3.33 x 10° J 
The force of friction is f = un = umg = 0.200(75.0 kg)(9.80 m/s?) =147 N 


According to the problem statement, the loss of mechanical energy of the skier is assumed to be 
equal to the increase in internal energy of the snow. This increase in internal energy is 


AE int = fAr = (147 N)Ar =3.33 x 10° J 


and Ar =| 2.27x10° m |. 


(a) The energy thus far gained by the copper equals the energy loss by the silver. Your down 
parka is an excellent insulator. 


(Qaia = -Qhot 


or MeuCcu(T aT) = -M agag T} sE 


(9.00 g)(387 J/kg-°C)(16.0°C) = -(14.0 g)(234 J/kg.^CY(T, -30.0°C) 


(r,-300*C). --170*C 


so Ty, ag =| 13.0°C |. 


T 
(b) Differentiating the energy gain-and-loss equation gives: MgC ag (=) = nece (S 
Ag Cu 


(40.500? C/s) 


a) mcuCcu Z 9.00 g(387 J/kg-°C) 
Ag Cu 


Hina Cig dt 140 g(234 J/kg-°C) 


(=) =| -0.532°C/s | (negative sign — decreasing temperature) 
Ag 
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P20.55 (a) 


(b) 


Before conduction has time to become important, the energy lost by the rod equals the 
energy gained by the helium. Therefore, 


(mL, rie = (mclAT)) ., 
or — (pVL,),,, =(PVEATI) y 
(eVdAT]),. 
(2L. rte 
(2.70 g/cm? (62.5 cm? (0.210 cal/g-°C)(295.8°C) 
0125 g/cm? (2.09 x10* J/kg (1.00 cal/4.186 J)(1.00 kg/1000 g) 


SO He — 


x 


Vy, = 1.68 x 10* cm? =| 16.8 liters 


The rate at which energy is supplied to the rod in order to maintain constant temperatures 
is given by 

gana 

d 


x 


This power supplied to the helium will produce a "boil-off" rate of 


» (917 W)(10° g/kg) ^N 
ply (0125 g/cm? (2.09 x10* J/kg) PELLIS DESEE 


Jes W 
cm 


*P20.56 At the equilibrium temperature T, the diameters of the sphere and ring are equal: 
q P eq P 8 q 


d, + d,a a (T4 -T;)= d, d, ac, (Teq - 15°C] 
5.01 cm+5.01 cm(2.40 x10 1/°C)(T,4 —7;) 2 5.00 cm +5.00 cm(1.70 10? 1/*C)(T., -15*C) 
0.01°C +1.202 4x 10 *T,, —1.202 4x10 *T; =8.5 x 10? T,, -1.275 x 10?*C 


11275x10 ?*C + 3.524x 10 ?T,, = 1.202 4x 10 *T, 
319.95*C + Teq = 3.4120T, 


At the equilibrium temperature, the energy lost is equal to the energy gained: 


mee ai (Toq = T, - =m, cc. (Ta - 15°C) 
10.9 g 0.215 cal/g:°C(T.q -T;)= -25 g 0.0924 cal/g-°C(T.q - 15°C) 
2.343 5T, — 2.343 5T; = 34.65°C - 2.31T og 


4,653 5T oq = 34.65°C + 2.343 5T, 


Solving by substitution, 


(b) 


(a) 


4.653 5(3.412 OT; — 319.95°C) = 34.65°C + 2.343 5T; 
15.877 7T; — 1 488.89? C = 34.65°C + 2.343 5T; 


LQIEBSPC usc 
13.534 


Teq = 319.95 + 3.412 0(112.57) =| 64.1°C 


P20.57 


P20.58 


P20.59 
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Q=mcAT =(pV)cAT so that when a constant temperature difference AT is maintained, 


the rate of adding energy to the liquid is ? = P B far = pRcAT 


dt 


P 
pRAT | 


and the specific heat of the liquid is c = 


(a) Work done by the gas is the negative of the area under the 
PV curve 


V. 
W = [ 1 v- $ TLF 
2 2 


(b) In this case the area under the curve is W = - Pav. Since the 


process is isothermal, 


PV = PV, -An( T )-unr, 
4 


V/A 
V, /4 
and W=- f (ev) BV; In i = PV,In4 
KAE Vi 
=| +1.39P,V; 
(c) The area under the curve is 0 and | W =0 |. 


P 
A 
© © 
© 
>V 
FIG. P20.58 


Call the initial pressure P. In the constant volume process 1 > 2the work is zero. 


PV, =nRT, 


ie D. T, = 300 «(1jo- 750 K 
BV T 4 


Now in 23 


3 
W « - | PAV =-P,(V; -V;) 2 -P;V; + PV; 
2 


W --nRT; +nRT, = -(1.00 mol)(8.314 J/mol-K)(300 K -75.0 K) 
W =| -1.87 kJ 
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*P20.60 The initial moment of inertia of the disk is 


LMR? = Lovr? = PAR AR? - BC 920 kg/m? (28 m)*1.2 m - 1033 x10" kg m? 


The rotation speeds up as the disk cools off, according to 
1,0; = log 
1 2 1 2 1 2 2 
3 MR; 0; = MRi = 3 MR (1-aAT|) o, 
1 
[1- (17 x10-* 1°C)830°C] 


; = 25 rad/s z = 25.7207 rad/s 


Or=Q0; 
: '(1-ajAT]) 


(a) The kinetic energy increases by 


1 
2 


1 1 1 1 
lo Lo? = 5 pm jlioi = ;lieio; -a) 


2 
_1 10 2 _ 10 
= 21098 x10" kg-m^(25 rad/s)0.7207 rad/s- | 9.31x10 ^J 


(b) AE, = mcAT = 2.64x107 kg(387 J/kg-°C)(20°C -850*C) =| -8.47 x 10° J 


c As 8.47 x 10? J leaves the fund of internal energy, 9.31x101 J changes into extra kinetic 
BY 8 


energy, and the rest, | 8.38 x 10:5 J | is radiated. 


*P20.61 The loss of mechanical energy is 


2 
Lt em To ke(14x10* m/s) + 
2 Reo v3 


6.67 x10"! Nm? 5.98 x 10” kg 670 kg 
kg? 6.37 x10* m 
=6.57 x10? J+.4.20 x 10? J 21.08 x10" J 


One half becomes extra internal energy in the aluminum: AE,,, = 5.38 x 10! J. To raise its 
temperature to the melting point requires energy 


J 
kg°C 


mcAT = 670 kg 900 (660 — (-15*C)) = 4.07 x 10° J. 


To melt it, mL = 670 kg 3.97 x 10? J/kg = 2.66 x 10° J. To raise it to the boiling point, 
mcAT = 670(1170)(2 450 — 600)J = 1.40 x 10?J . To boil it, mL = 670 kg 1.14x 107 J/kg =7.64x107J. 
Then 


5.38 x 10 J=9.71 x 10° J+ 670(1170)(T; - 2 450°C) J/°C 


Tc 5.87 x 10**C 


P20.62 (a) Fv = (50.0 N)(40.0 m/s) = 
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2 000 W 


(b) Energy received by each object is (1000 W)(10 s) = 10* J- 2389 cal. The specific heat of iron 
is 0.107 cal/g-°C, so the heat capacity of each object is 5.00 x 10? x 0.107 = 535.0 cal/°C. 


2 389 cal 


4.47°C 


~ 535.0 cal/°C - 


P20.63 The power incident on the solar collector is - J 


4 - 1A - (600 W/m? Jz(0.300 mj] -170 W. 


a 

For a 40.0% reflector, the collected power is 2. =67.9 W. The total / EB N 
energy required to increase the temperature of the water to the | H 
boiling point and to evaporate it is Q = cmAT + mLy: \ JIA 

6 6 \ —M 
Q - 0.500 kg[(4186 J/kg-°C)(80.0°C) + 2.26 x 10* J/kg |- 1.30 x 10° J. Leer pus 

6 
The time interval required is At = E UA 5.31 h |. FIG. P20.63 

F. 67.9 W 


P20.64 From Q= mL, the rate of boiling is described by 


S P = 


Q Lym m 9 
At At D Ly 


Model the water vapor as an ideal gas 


P Va =nRT = (er 
M 


EIE 
At At\M 


PRT 


1000 W(8.314 J/mol-K)(373 K) 


"T MLPA (00180 kg /mol)(2.26x10* J/kg)(1.013 x 10° N/m?)(2.00 x10 m?) 
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P20.65 Energy goes in ata constant rate 2. For the period from 


T°(C) 
50.0 min to 60.0 min, Q = mcAT F 
(10.0 min) = (10 kg + m;)(4186 J/kg-°C)(2.00°C-0°C) zool 
(10.0 min) = 83.7 kJ + (8.37 kJ/kg)m; (1) | 
1.00L 3.00 l 
For the period from 0 to 50.0 min, Q = m;L; 08 | 
: | 
| 
| 
OO Canin) = (3.33 «10° Ji kg) 20.0 40.0 60.0 t (min) 
m; (3.33 x10? J/kg) 
Substitute ? = into Equation (1) to find FIG. P20.65 


50.0 min 


m,(3.33 x 10° J/kg) 
5.00 
uH 83.7 kJ E 
‘(66.6 - 8.37) kJ/kg 


= 83.7 kJ +(8.37 kJ/kg); 


144 kg 


P20.66 (a) The block starts with K; = Lm? = (1.60 kg)(2.50 m/s)” = 5.00 J 


All this becomes extra internal energy in ice, melting some according to “Q” = mL f; Thus, 
the mass of ice that melts is 


“Q” K; 5.00 J 


Mice = L, = L, EEN ng -150x10? kg =| 15.0 mg |. 
For the block: Q =0 (no energy flows by heat since there is no temperature difference) 
W =-5.00 J 
AE;,, =0 (no temperature change) 
and AK =-5.00 J 
For the ice, Q=0 
W = +5.00 J 
AE int = +5.00 J 
and AK =0 


(b) Again, K; =5.00 J and mic =| 15.0 mg 


For the block of ice: Q=0; AE, = +5.00 J; AK = —5.00] 
so W =0. 


For the copper, nothing happens: Q = AE, - AK =W =0. 


continued on next page 


P20.67 


P20.68 
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(c) Again, K; =5.00 J. Both blocks must rise equally in temperature. 


icm 5.00 J 5 
mc 2(1.60 kg)(387 J/kg-°C) 


^Q" =mcAT: AT = 4.04x 103°C 


At any instant, the two blocks are at the same temperature, so for both Q=0. 


For the moving block: AK = -5.00] 
and AE, = +2.50 J 
SO W =-2.50 J 
For the stationary block: AK =0 

and AE int = +2.50 J 
SO W =+2.50 J 


For each object in each situation, the general continuity equation for energy, in the form 
AK + AE, = W +Q, correctly describes the relationship between energy transfers and 
changes in the object’s energy content. 

A=A 


+A E Aside walls + Aroof 


end walls ends of attic 


A = 2(8.00 m x 5.00 m) + a2 x i x 4.00 m x (4.00 m)tan 370°] 


+2(10.0 mx 5.00 m) + 2(10.0 zi SM 


cos37.0° 
A= 304 m? 
kAAT | (480x107* kW/m-°C}(304 m?)(25.0°C) 
0.210 m 


P 


=17.4 kW = 415 kcal/s 


Thus, the energy lost per day by heat is (4.15 kcal/s)(86 400 s) 23.59 x 10° kcal/day. 


3.59 x10° kcal/day _ 


3 
9300 kca/m? — 156 P EEA 


The gas needed to replace this loss is 


LpAdx | Ka 2) 
dt x 


8.00 At 
Lp |xdx - kAT [4t 
4.00 0 

2 8.00 
X 
Lo—|  -kATAt 
2 4.00 


(0.080 0 m)? — (0.040 0 m)? 
2 


(3.33 10° J/kg (917 s/m] =(2.00 W/m-°C)(10.0°C)At 


At = 3.66x10* s=] 10.2 h 
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P20.69 W =Wap +Wac +Wep +Wpa 


B C D A 
W =- [ Pav - [Pav - [ Pav - f Pav 
A B C D 
B C D A 
W = nRT, | 2 P, fav nRT, |- p, fav 
A V B C V D 
A, | 
V, V. l 
W - -nRT, i v | P,(Vc - Vg) - nRT; «(E —- P.(V4 - Vp) V A 
1 C 
Now BV, = P,Vg and P,Ve = P, Vp, so only the logarithmic FIG. P20.69 


terms do not cancel out. 


Also, voaf and ie 5 
VW P, Vc R 


p p p p p 
YW 2 -nRT, «2. -nRT; «(2 = +nRT, «(2 —nRT, mf > | --nR(T, nw 3 | 


1 1 1 1 


Moreover P,V, 2 RT; and PV, 2 nRT| 


1 


YWz|-B(V, vay 2 


P20.70 For a cylindrical shell of radius r, height L, and thickness dr, the equation for thermal conduction, 
dQ -kA dT dQ 


becomes  —--k(2zrL) a. 
dt dr 


d dx. 


DA un dQ . 
Under equilibrium conditions, A is constant; therefore, 


dT aQj_1 (=) and T, -T, 2 _1 i *) 
dt | 2xkL A r dt | 2z kL ü 


dQ 2zkL(T, -T,) 
dt In(b/a) 


But T, > T,, so 


P20.71 | From problem 70, the rate of energy flow through the wall is Tp | T, 
dQ 2 2zkL(T, -T,) (ue y 
dt In(b/a) Sere 
dQ 22(4.00x10~ cal/s-cm-°C}(3 500 cm)(60.0°C) 
dio In(256 cm/250 cm) 


dQ 5 4—-d 
—= —2.23x10^ cal/s =| 9.32 kW 46 eer Ts 
jp 722910" case [982 kW | 


This is the rate of energy loss from the plane by heat, and consequently is 
the rate at which energy must be supplied in order to maintain a constant FIG. P20.71 
temperature. 


P20.72 


*P20.73 
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(aia = xj 


or 


(a) 


(b) 


(c) 


Oa = -(Q water + Duis) 


macCA(T, -T). z (rise eme XT; -T). 
(0.200 kg)c,(439.37C) = -[0-400 kg(4186 J/kg-°C) -- 0.0400 kg(630 J/kg.* C) -3.70* C) 


6.29 x 10? J 
DO T -[800 J/kg^C 
cn aegre 
9 = oAeT* - (5.67 x10*. W/m?K*)51x10'* m? (0.965)(5 800 K)' =| 3.16 x10” W 


Taye = 0.1(4 800 K)--0.9(5890 K) =| 5.78x10? K 


avg 


5 800 —5 781 
This is cooler than 5 800 K by ER CER 0.327%. 


9 =(5.67x10°* W/m?K*)0.1(5.1 x 10^ m?)o.965(4 800 K)“ 


+5.67 x10 * W 0.9(5.1 x10" Jo.965(5 890)' =| 3.17 x10? W 


20 
This is larger than 3.158 x10” W by A ETE 


346x107? W 
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ANSWERS TO EVEN PROBLEMS 


0.105°C P20.22 liquid lead at 805°C 


P20.2 


P20.4 


P20.6 


P20.8 


P20.10 


P20.12 


P20.14 


P20.16 


P20.18 


P20.20 


87.0°C P20.24 (a) -12.0 MJ; (b) +12.0 MJ 


The energy input to the water is 6.70 times P20.26 — -nR(T;-T,) 


larger than the laser output of 40.0 kJ. 

P20.28 (a) 567 J; (b) 167 J 
88.2 W 

P20.30 a) 12.0 kJ; (b) -12.0 kJ 
(a) 25.8°C; (b) no l ©) 


P20.32 42.9 kJ 


(maca + Cy JT, *mycuT, 


DES eae re os P20.34 (a) 7.65 L; (b) 305 K 

(a) 380 K; (b) 206 kPa P20.36 (a) -48.6 mJ; (b) 16.2 KJ; (c) 16.2 KJ 

129g P20.38 — (a) -4P,V;; (b) +4BV;; (c) -9.08 kJ 

(a) all the ice melts; 40.4°C; P20.40 (a) 1300 J; (b) 100 J; (c) -900 J; (d) -1 400 J 


(b) 8.04 g melts; 0°C 


P20.42  10.0kW 


34.0 km 
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P20.44 


P20.46 


P20.48 


P20.50 


P20.52 


P20.54 


P20.56 


P20.58 


P20.60 


Heat and the First Law of Thermodynamics 


1.34 kW 


ft^? F.h. 


a) 0.890 ft? -°F -h/Btu; (b) 1.85 
(a) / Btu; (b) T 


(c) 2.08 

(a) ~10° W; (b) ~ -10% K/s 
364 K 

47.7 g 

(a) 13.0°C ; (b) -0.532°C/s 
(a) 64.1°C; (b) 113°C 


see the solution (a) = PV, ; (b) 1.39P.V;; (c) 0 


(a) 9.31x 10? J; (b) -8.47 x 10? J; 
(c) 8.38 x 10? J 


P20.62 


P20.64 


P20.66 


P20.68 


P20.70 


P20.72 


(a) 2000 W; (b) 4.47°C 
3.76 m/s 


(a) 15.0 mg; block: Q2 0; W =-5.00 J; 
AE, =0; AK 2 —5.00 J; 

ice: Q 20; W 25.00 J; AE, =5.00 J; AK 20 
(b) 15.0 mg; block: Q 20; W 20; 

AE; = 5-00 J; AK =-5.00 J; 

metal: Q=0; W 20; AE,, 20; AK=0 

(c) 0.004 04°C; moving block: Q 2 0; 

W =-2.50J; AE = 2.50]; AK = —5.00J; 
stationary block: Q2 0; W 2 2.50 J; 

AE, 4 = 250]; AK =0 


10.2h 


see the solution 


800 J/kg-°C 


Q21.4 


Q21.5 
Q21.6 


Q21.7 


Q21.8 
Q21.9 


The Kinetic Theory of Gases 


ANSWERS TO QUESTIONS 


Q21.1 The molecules of all different kinds collide with the walls of the 
container, so molecules of all different kinds exert partial 
pressures that contribute to the total pressure. The molecules 
can be so small that they collide with one another relatively 
rarely and each kind exerts partial pressure as if the other kinds 
of molecules were absent. If the molecules collide with one 
another often, the collisions exactly conserve momentum and 
so do not affect the net force on the walls. 


Q21.2 The helium must have the higher rms speed. According to 
Equation 21.4, the gas with the smaller mass per atom must 
have the higher average speed-squared and thus the higher 
rms speed. 


Q21.3 Yes. As soon as the gases are mixed, they come to thermal 
equilibrium. Equation 21.4 predicts that the lighter helium 
atoms will on average have a greater speed than the heavier 
nitrogen molecules. Collisions between the different kinds of 
molecules gives each kind the same average kinetic energy of 
translation. 


If the average velocity were non-zero, then the bulk sample of gas would be moving in the direction 
of the average velocity. In a closed tank, this motion would result in a pressure difference within the 
tank that could not be sustained. 


The alcohol evaporates, absorbing energy from the skin to lower the skin temperature. 


Partially evacuating the container is equivalent to letting the remaining gas expand. This means that 
the gas does work, making its internal energy and hence its temperature decrease. The liquid in the 
container will eventually reach thermal equilibrium with the low pressure gas. This effect of an 
expanding gas decreasing in temperature is a key process in your refrigerator or air conditioner. 


Since the volume is fixed, the density of the cooled gas cannot change, so the mean free path does 
not change. The collision frequency decreases since each molecule of the gas has a lower average 
speed. 


The mean free path decreases as the density of the gas increases. 


The volume of the balloon will decrease. The pressure inside the balloon is nearly equal to the 
constant exterior atmospheric pressure. Then from PV =nRT , volume must decrease in proportion 
to the absolute temperature. Call the process isobaric contraction. 


601 


602 
Q21.10 


Q21.11 


Q21.12 


Q21.13 


Q21.14 


Q21.15 


Q21.16 


Q21.17 


The Kinetic Theory of Gases 


The dry air is more dense. Since the air and the water vapor are at the same temperature, they have 
the same kinetic energy per molecule. For a controlled experiment, the humid and dry air are at the 
same pressure, so the number of molecules per unit volume must be the same for both. The water 
molecule has a smaller molecular mass (18.0 u) than any of the gases that make up the air, so the 
humid air must have the smaller mass per unit volume. 


Suppose the balloon rises into air uniform in temperature. The air cannot be uniform in pressure 
because the lower layers support the weight of all the air above them. The rubber in a typical balloon 
is easy to stretch and stretches or contracts until interior and exterior pressures are nearly equal. So 
as the balloon rises it expands. This is an isothermal expansion, with P decreasing as V increases by 
the same factor in PV =nKT . If the rubber wall is very strong it will eventually contain the helium at 
higher pressure than the air outside but at the same density, so that the balloon will stop rising. 
More likely, the rubber will stretch and break, releasing the helium to keep rising and “boil out” of 
the Earth's atmosphere. 


A diatomic gas has more degrees of freedom—those of vibration and rotation—than a monatomic 
gas. The energy content per mole is proportional to the number of degrees of freedom. 


(a) Average molecular kinetic energy increases by a factor of 3. 


(b) The rms speed increases by a factor of 43 . 


(c) Average momentum change increases by V3 . 
(d) Rate of collisions increases by a factor of 43 since the mean free path remains unchanged. 
(e) Pressure increases by a factor of 3. 


They can, as this possibility is not contradicted by any of our descriptions of the motion of gases. If 
the vessel contains more than a few molecules, it is highly improbable that all will have the same 
speed. Collisions will make their speeds scatter according to the Boltzmann distribution law. 


Collisions between molecules are mediated by electrical interactions among their electrons. On an 
atomic level, collisions of billiard balls work the same way. Collisions between gas molecules are 
perfectly elastic. Collisions between macroscopic spheres can be very nearly elastic. So the hard- 
sphere model is very good. On the other hand, an atom is not ‘solid,’ but has small-mass electrons 
moving through empty space as they orbit the nucleus. 


As a parcel of air is pushed upward, it moves into a region of lower pressure, so it expands and does 
work on its surroundings. Its fund of internal energy drops, and so does its temperature. As 
mentioned in the question, the low thermal conductivity of air means that very little heat will be 
conducted into the now-cool parcel from the denser but warmer air below it. 


A more massive diatomic or polyatomic molecule will generally have a lower frequency of vibration. 
At room temperature, vibration has a higher probability of being excited than in a less massive 
molecule. The absorption of energy into vibration shows up in higher specific heats. 


SOLUTIONS TO PROBLEMS 


Section 21.1 Molecular Model of an Ideal Gas 


P21.1 


[8.00 sin 45.0°-(-8.00 sin 45.0°)] m/s 
30.0 s 


0.943 N 


A 500(5.00 x 10? kg) 
At 


=1.57 N/m? - | 1.57 Pa 


P= 


2| 


P21.2 


P21.3 


P21.4 


P21.5 


P21.6 


P21.7 


Chapter 21 
.. (50010? J[2(468 x10% kgJ300 m/s) 
- -140 N 

7 1.00 s 
and pee = ne z =| 17.6 kPa |. 

A 8.00x10™ m 
We first find the pressure exerted by the gas on the wall of the container. 

3(8.314 N-m/mol-K)(293 K 
poMELTNART ORE. / X ) 2913x105 Pa 


V V V 8.00 x10 m? 
Thus, the force on one of the walls of the cubical container is 


F=PA= (913 x 10? Pa 4.00 x107? m?) -|365x10* N |. 


2 
Use Rquanon2i2, pe 2 fe 
3v| 2 


2 
Tr A where N =nN, 22N A 


«g ap 380 atm)(1.013 x 10° Pa/atm)(5.00 x 10? m?) 
S 2(2N A) 2(2 mol)(6.02 x 107 molecules/mol) 


| so that 


Kay =| 5.05 x10 ?! J/molecule 


P= 2 S (KE) Equation 21.2 
3V 


3 pv 3(1.20x10°)(4.00 x10) 

2(KE) 2 (360x10?) 
oN X200 x10% molecules 
Na 602x102? molecules/mol 


N = 2.00 x 10 molecules 


=| 3.32 mol 


603 


One mole of helium contains Avogadro’s number of molecules and has a mass of 4.00 g. Let us call m 


the mass of one atom, and we have 
N,am=4.00 g/mol 
4.00 g/mol 
~ 6.02107 molecules/mol 


m=] 6.64x10 7 kg 


Or =6.64x10™ g/molecule 


py 101310? Pa[ (0.150 m)° | 
kT — (138x107? J/K\(293 K) 


(a) PV-NkQT: N= =| 3.54x10*% atoms 


(b) K =Ž kT = 2 (13810799) J=| 6.07 x10” J 


4.00 g/mol 


(c) For helium, the atomic massis m= = 6.64 x 10-4 g/molecule 


6.02x10? molecules/mol 


m —6.64x10 7 kg/molecule 


Lara kT Joas e L [135 kmys 
2 2 m 
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P21.8 v= E Kgl 
m 
vo _ [Mute _ am | 1 
Vite Mo 32.0 18.00 
1350 m/s 
vo = —=—— = | 477 m/s 
o=- po = | 477 m/s | 


kyT = EIE x10? J/KJ423 K)-| 8.76 x10" J 


P219 (a) K- 


Ming =8.76 x10” J 


-20 
ub NES 175x10^ J (1) 
m 


4.00 g/mol 
6.02x10? molecules/mol 


For helium, = 6.64x10-™ g/molecule 


m —6.64x10 7 kg/molecule 


i l 
Similarly for argon, m= sad gr =6.63 x10” g/molecule 
6.02 x10“ molecules/mol 


m —6.63x10 75 kg/molecule 
Substituting in (1) above, 


we find for helium, Vims 71.62 km/s | 
and for argon, Vrms = 514 m/s 
Nm? 


P2110 (a) PV-nRT- 


Nmv? 


=E 


The total translational kinetic energy is 


3 3 
trans mr ES 


trans * 


E (3.00 x 1.013 x 10°)(5.00 x 10°) =] 2.28 J 


mo^ 3kgT _ 3RT _ 3(8.314)(300) _ 
2 2 2Naq 2(602x107) 


2 
P2111 (a) 1Pa=(1 Pa? Nim Gj = 1 J/m? 


(b) For a monatomic ideal gas, Eint = SRT 


6.21x107! J 


(b) 


For any ideal gas, the energy of molecular translation is the same, 


3 3 
Ebin = ge = ie 
> Evans 3 
Thus, the energy per volume is —== =| —P |. 
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Section 21.2 Molar Specific Heat of an Ideal Gas 


P21.12 Ej : nRT 


int x 


AEn = SnRAT = (3.00 mol)(8.314 J/mol-K)(2.00 K) =| 74.8 J 


P2113 We us the tabulated values for Cp and Cy 


(a)  Q=nCpAT =1.00 mol(28.8 J/mol-K)(420 —300) K =| 3.46 kJ 


(b AE, -nCyAT = 1.00 mol(20.4 J/mol-K)(120 K) =] 2.45 kJ 


(c) W =-Q+ AE, = -3.46 kJ + 2.45 kJ =] —1.01 KJ 


; f RT 
P21.14 The piston moves to keep pressure constant. Since V = e then 


AV = nRAT 


for a constant pressure process. 


Q Q _ 2Q 
n(Cy +R) n(5R/2+R) 7nR 


Q=nCpAT =n(Cy + R)AT so AT = 


M ay -SE(29). 29.2 QV 

PX7nR/J 7P 7nRT 

2 (4.40 x 10? J)(5.00 L) 

V= =2.52 L 

7 (1.00 mol)(8.314 J/mol- K)(300 K) 

Thus, V; =V +AV = 500 L+ 2.52 L =| 7.52 L 
P2115 n=1.00 mol, T; =300K 
(b) Since V =constant, W =| 0 
(a) AE =Q+W =209J+0=| 209J 
3 
(c) AEQ, =NCyAT = (Rr 
: 2(2 
so Afi AAP int _ Ne) =16.8K 


3nR — 3(1.00 mol)(8.314 J/mol-K) 


T =T; +AT =300 K+16.8 K =| 317 K 
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P21.16 


*P21.17 


P21.18 


(a) 


(b) 


(a) 


(b) 


(a) 


(b) 


(c) 


(d) 


The Kinetic Theory of Gases 


. : f 7R 
Consider heating it at constant pressure. Oxygen and nitrogen are diatomic, so Cp = d 


Q=nCpAT = RATS zr 
2 2\ T 


7 (1013x10? N/m?)(100 m?) 
FT 300 K 


(100 K) =| 118 kJ 


U, =mgy 


u 5 
mak 118x107] —— 6.03 x 10? kg 


Sy — (9.80 m/s?)2.00 m 


We assume that the bulb does not expand. Then this is a constant-volume heating process. 
Pi 


RT, 


The quantity of the gas is n = The energy input is Q = ? At 2 nCy AT so 


AT = Mt SMRT;. 
nCy PVCy 


The final temperature is T; =T, + AT = j: * C 
i ey 


PAER | 


T 2 
The final pressure is P, = P, " =R; í 2 um } 


1 


1.18 atm 


2 
LE 3.60 J 45 8.314J-m? 3 mol-K |. 


s-mol-K 1.013 x 105 N 4z(0.05 m)*12.5 J 


5 


Cy -;R- 28314 J/mol- «[ ee 


0.028 9 kg 


]- 719 J/kg-K =| 0.719 kJ/kg-K 


m-Mn- ou) 
RT 


m = (0.0289 kg/mol) 


0.811 kg 


200 x 10? Pa(0.350 m?) 
(8.314 J/mol-K)(300 K) 


We consider a constant volume process where no work is done. 


Q = mCyAT - 0.811 kg(0.719 kJ/kg -K)(700 K —300 K) =| 233 kJ 


We now consider a constant pressure process where the internal energy of the gas is 
increased and work is done. 


Q=mCpAT =m(Cy  R)AT = nf = Jar = nf — Jar 


Q=0811 kg 20719 KI/kg-K) [ano K)=| 327 KJ 


P21.19 


P21.20 


P21.21 
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Consider 800 cm? of (flavored) water at 90.0 °C mixing with 200 cm? of diatomic ideal gas at 20.0°C: 
Qvotd = «Quot 
or Wap, air( Ty =I; air) = —MyC (AT), 
-Mair p, air (Ts -T air) —( PV) a, Cp, air(90-0°C — 20.0°C) 
M ylw (0, V. Jes; 


where we have anticipated that the final temperature of the mixture will be close to 90.0°C. 


7 
The molar specific heat of airis — Cp ai, = p 


(AT), = 


1.00 mol 


7(R 7 
So th ific heat i gc  |2-(8314 l-K 
o the specific heat per gram is — Cp air (| A J/mo f 289g 


g Jin J/g*C 


(12010 g/em?J(200 cm?) (1.01 J/g-°C)(70.0°C) 
(1.00 g/cm? (800 cm?) (4.186 J/kg-°C) 


(AT), = 


or (AT),, & —5.05 x 10°°°C 


The change of temperature for the water is | between 10 ??C and 10 ?*C |. 


Q - (nCpAT)., t (nCy AT) 


isobaric isovolumetric 


In the isobaric process, V doubles so T must double, to 2T;. 


In the isovolumetric process, P triples so T changes from 2T; to 6T;. 


Q- (i a ar T;) +f 3 Ror, 21;) =13.5nRT; =| 13.5PV 


In the isovolumetric process A > B, W 20 and Q=nCyAT =500 J 


3R 2(500 J) 
500 J 2n! — (Tg -T Duel 
J (EK 3 ~T,) or Tg - TA + 3nR 
2(500 
Tg =300 K+ 2) =340 K 
3(1.00 mol)(8.314 J/mol-K) 
In the isobaric process B C, 
Q-nCpAT = R (le Tg) = -500 J. 
Thus, 
2(500 1 
(a) Tc =Tp Oey = 340K we =| 316K 
5nR 5(1.00 mol)(8.314 J/mol-K) 
(b) The work done on the gas during the isobaric process is 


Wac =—P,AV = nR(Tc Tz) = -(1.00 mol)(8.314 J/mol-K)(316 K -340 J) 
or | Wgc =+200 J 
The work done on the gas in the isovolumetric process is zero, so in total 


Won eas =| +200 J J. 


on gas 
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*P2122 (a) 
(b) 
P2123 (a) 
(b) 
Section 21.3 
P2124 (a) 
(b) 
(c) 


At any point in the heating process, P, = kV; and P = kV = E V= p V. At the end, 
i i 
PV OV, 
pote 2V, = 2P, and T, = = zeh ae: 
V; nR nR 

f 21 ART, ARE WE ARE Ae co S 

The work input is W =-f PdV =- | —vav =-= =- (4v? -V?)=-< nT. 
i v Vi V 28 2V; 2 

The change in internal energy, is AE, 2 nCy AT =n : R(4T; - T;) 2 z nRT;. The heat input 


is Q=AE,,, -W= = nRT; =| 9(1 mol)RT,; |. 


The heat required to produce a temperature change is 
Q=n,C,AT +n,C,AT 
The number of molecules is N, + N,, so the number of “moles of the mixture" is nı +n, and 
Q=(n,+n,)CAT, 
nyC, +n3C3 


SO C= 


Q= YnCAT = (E n fear 


i=1 i=1 


m 
$C; 
i=l 

m 
n 
i=l 


Adiabatic Processes for an Ideal Gas 


1/y 
V ] 5/7 
PV) - PjVI so = | H | - E =| 0118 


T, PV, (P,YV T 
f $Í | 1 : J-aooyoas) T 2.35 


G PMV (RAV 

Since the process is adiabatic, Q=0 

Since y = 1.40 = ea EE , Cs 2 R and AT = 2.35T; - T; 2 1.35T; 
Cy Cy 2 


AE inp =NCyAT = (0.016 0 mol) 38314 J/mol -K)[1.35(300 K)]- | 135 J 


and W =-Q+AE,,, =0+135 J =| +135 J |. 


P21.25 


P21.26 


Chapter 21 
(a) BV? = P,VT 


er 1204 
P; =P; =>] 2500 mo) =| 1.39 atm 
V, 30.0 


_ BV, 5.00(1.013 x105 Pa)(12.0 x10? m?) E 


(b) T; 365 K 
nR 2.00 mol(8.314 J/mol-K) 
P, 1.39(1.013 x 10? Pa (30.0 x10? m?) 
f= = -[ 253K 
nR 2.00 mol(8.314 J/mol-K) 


(c) The process is adiabatic: | Q=0 

Cp R+Cy 5 
= ‘ Cy = 

Cy Cy 2 


5 
AE int 2 nCyAT = 2.00 mol >(8314 J/mol-K) (253 K -365 K) =| -466 kJ 


W = AE, -Q = -466 kJ -0 =| 466 kJ 


y =140= R 


342 
V; = E = =) 0.500 m= 2.45 x10 m? 


The quantity of air we find from BV; 2 nRT; 


PV, (1.013 x 10? Pa (2.45 x10 m?) 


RT; (8.314 J/mol-K)(300 K) 
1 2997x107? mol 


Adiabatic compression: P; —101.3 kPa + 800 kPa = 901.3 kPa 


(a) BV] = PVE 


=| 560 K 


(c) The work put into the gas in compressing it is AE; 2n Cy AT 


W - (9.97 x10? mol) >(8.314 J/mol-K)(560 - 300) K 
W -53.9] 


continued on next page 
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Now imagine this energy being shared with the inner wall as the gas is held at constant 
volume. The pump wall has outer diameter 25.0 mm + 2.00 mm + 2.00 mm = 29.0 mm, and 
volume 


| a(t4 x 10^? mJ = n(12.5 x 10^? m)? a00 x10? m- 6.79 x 106 m? 


and mass pV - (7.86 x10? kg/m? (679 x10? m?)-533 g 
The overall warming process is described by 
53.9 J = nCy AT + mcAT 
53.9 J=(9.97 x10? mol) (8.314 J/mol-K)(T -300 K) 
«(53.3 x 10? kg)(448 J/kg -K)(Ty -300 K) 
53.9 J = (0.207 J/K + 23.9 J/K(T; —300 K) 


T, -300K -[224K 
T V. an 140 
puo; -| -( 
Py, 2 
If T, =300 K, then T; =| 227 K ]. 
V. "4 
*P2128 (a) In BV/ - P,V? we have P, = 2 
f 
0.720 m? ) 
P, = P| — -| =466P, 
0.240 m 
y PV PV 
Then see E Ti rE T E 
n r BY, 3 


The factor of increase in temperature is the same as the factor of increase in internal energy, 


Ei, = 


according to Ej, =nCyT . Then — =| 1.55 |. 


int, i 


Y y-1 
V : 
ESL we have 
V. V, 


(b) 


— 21/04 _ 925 _5 66 


3 
m 0.720 m* = 0497 me 
5.66 
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P21.29 (a) See the diagram at the right. P 
B 
a 
(b) P Vg = FcVé í 
3BV/ = PVĚ Adiabatic 


Vc =(3 JV, = (357v, = 219v; 


Vo = 2.19(4.00 L) =| 8.77 L 


(c) P5Vg 2 nRTg = 3BV; = 3nRT; 


T, = 3T, = 3(300 K) -|900 K 


FIG. P21.29 
(d) After one whole cycle, T, =T; =| 300 K |. 
(e) In AB, Qyp 2 nCy AV = (5 aor, T;) = (5.00) RT; 
Qzc =0 as this process is adiabatic 
PoVo =nRTe = P(2.19V,) = (2.19)nRT; 
so Tc =2.19T; 
Qca 2 nCpAT = ( Ju 2.19T;) = (C417) RT; 
For the whole cycle, 
Q AncA = Qap + Qsc + Qca = (5.00 - 4.17)nRT; = (0.829)nRT; 
(AEint) Agca — 0 - Q AgcA tWasca 
Wasca =~Qarca 7 7(0.829)nRT; = —(0.829) FV; 
W ca = ~(0.829)(1.013 x 10° Pa}(4.00 x10? m?) =| =336 J 
P21.30 (a) See the diagram at the right. P 
(b) P, Vý = Po VĚ 3P; |-- B Adiabatic 
3hV/ = BV? 
Vc 23! y; 2357 V, =| 2.19V, 
(c) PgVg 2 nRTg = 3BV; = 3nRT; a 
Tg = 3T; P; a 
A1 iC 
1 1 V(L) 
(d) After one whole cycle, T, =| T; v, Vc 
FIG. P21.30 


continued on next page 
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(e) In AB, Qag =nCyAT = (5 aor, T;) = (5.00)nRT, 


Qzc =0 as this process is abiabatic 
PoVo =mRTe = P,(219V,) = 29nRT; so To = 2.19T; 


Qca =nC pAT = ( Ju 2.197) = -417nRT; 


For the whole cycle, 


(AEint) Agca =0=Qapca +Wagca 


Wasca =-Q4gca = —0.830nRT, =| -0.830B V; 


P21.31 (a) The work done on the gas is P 
V, P, E: Adiabatic Q,, = 0 
Wap = 3 PdV. Isothermal 


g bT ta 


For the isothermal process, 


P, Lee. 
Kp 
Vy (4 i 
Waw =-nRT, | (zv 33] od "m 
V, E SE AMAN i 
a 7 V 
W,y 7 -nRT, In Sur curl tes Ve = Vy=V,/10 : 
V, Vy 
FIG. P21.31 
Thus, W,,, = 5.00 mol(8.314 J/mol-K)(293 K)In(10.0) 
Wy =| 28.0 kJ |. 
(b) For the adiabatic process, we must first find the final temperature, T,. Since air consists 
primarily of diatomic molecules, we shall use 
5(8.314 
Y air = 1.40 and Cy air = IRB z 20.8 J/mol-K. 


2 2 


Then, for the adiabatic preocess 
vr 
T, = (e) = 293 K(10.0)^ ^? = 736 K. 
b 


Thus, the work done on the gas during the adiabatic process is 


Wa (-Q + AE int) ap =(-0+ nCyAT) , =nCy(T, - T,) 


or Wp =5.00 mol(20.8 J/mol-K)(736 — 293) K =| 46.0 kJ |. 


continued on next page 
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(c) For the isothermal process, we have 


Py Vy = PV, . 


Thus, P, = 26d = 1.00 atm(10.0) =| 10.0 atm |. 
y 


For the adiabatic process, we have P,V} = D,V/ . 


V Y 
Thus, P, = 263 = 1.00 atm(10.0)"* =| 25.1 atm |. 
b 


ideal gas. We find its final absolute pressure: qM D 


21.0 atm(50.0 cm?) ^ = P,(400 cm?) Ex 


P21.32 We suppose the air plus burnt gasoline behaves like a diatomic (ER EM 
175 
P, =21.0 LH -114 atm an 


Now Q=0 


and W = AE in, - nCy(T; - T;) 
Before After 


5 5 5 
^W-ZnRT,-7nRT,- 5 (PV) PV;) 


FIG. P21.32 


W = za atm(400 cm?) - 21.0 atm(50.0 em [8 d ix Jo m?/em?) 


W =-150 J 


The output work is -W = +150 J 


The time for this stroke is T Ea | 9D i )- 6.00 x 10? s 
4| 2500 A1 min 


-W 150] 
At | 6.00x10^? s 


P= 


25.0 kW 
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Section 21.4 


P21.33 


P21.34 


The Equipartition of Energy 


The heat capacity at constant volume is nC. An ideal gas of diatomic molecules has three degrees of 
freedom for translation in the x, y, and z directions. If we take the y axis along the axis of a molecule, 
then outside forces cannot excite rotation about this axis, since they have no lever arms. Collisions 
will set the molecule spinning only about the x and z axes. 


(a) 


(b) 


(1) 


(2) 


(3) 


(4) 


If the molecules do not vibrate, they have five degrees of freedom. Random collisions put 


equal amounts of energy Skat into all five kinds of motion. The average energy of one 


molecule is jT . The internal energy of the two-mole sample is 


5 5 5 


The molar heat capacity is Cy = ZR and the sample's heat capacity is 


nC,-n 5R 2 moli 8.314 J/mol-K 
v =(ŽR] -2 mo (8314 f/mot-K)) 


| nCy =41.6 J/K | 


For the heat capacity at constant pressure we have 


nCp =n(Cy +R- 2R4+R)=2 ;"R- 2 mol 7 (8.314 J/mol- 3 


nCp =58.2 J/K 


In vibration with the center of mass fixed, both atoms are always moving in opposite 
directions with equal speeds. Vibration adds two more degrees of freedom for two more 
terms in the molecular energy, for kinetic and for elastic potential energy. We have 


nCy -(Zn)- 58.2 J/K 


and nCp =n > &J-[788 VK] 
—- JE) 
EE 


Cp =Cy #R=5(f+2)R 


C» f +2 
C, f 


P21.35 Rotational Kinetic Energy = jl o? 


I-2mr?, m -35.0x1.67 x10 7 kg, r -10 9 m 
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^ 


I-117x10 ? kg.m? o -2.00x10?? s 
FIG. P21.35 
Be Slo? =| 2.33x 107 J 
Section 21.5 The Boltzmann Distribution Law 
Section 21.6 Distribution of Molecular Speeds 
P21.36 (a) The ratio of the number at higher energy to the number at lower energy is e ^F T where 


AE is the energy difference. Here, 


1.60x107? J 


AE - (10.2 e Iw 
e 


and at 0°C, 


IE 163x105] 


ksT - (138x107 J/K)(273 K) 2377 x10 J. 


Since this is much less than the excitation energy, nearly all the atoms will be in the ground 


state and the number excited is 


(2.70 x 10 Jef Ae] | = (2.70 x10 je, 


3.77 x10! J 
This number is much less than one, so almost all of the time 


(b) At 10 000°C, 


no atom is excited |. 


kgT - (138x107? J/KJ10273 K =1.42x10- J. 


The number excited is 


T. -18 
[zo Je a 1)-(az0xa0%)e - 2.70 x10? |. 


142x107? J 


616 The Kinetic Theory of Gases 


P21.37 (a) Vay = = = zio + 2(3)+3(5) + 4(7) + 3(9) + 2(12)]= 


e) e), QU ois m?/s? 
SO Ua, = Je)... = 4549 =| 7.41 m/s 
(c) Ump =| 7.00 m/s 


3RT 1/2 
P2138 (a) — [mes Me _/ 970 g/mol s 1.03 
l V, 3RT | 35.0 g/mol 
My 


rms, 37 


(b) The lighter atom, 35] |, moves faster. 


P21.39 In the Maxwell Boltzmann speed distribution function take =. = 0 to find 
v 


m us mo? 2mv? 
42 N| ————| exp 2v =0 
AmkgT 2kgT 2kpT 


and solve for v to find the most probable speed. 


Reject as solutions v=0 and v=% 


Retain only 2- 


Then Vinp = Rog 
m 


2(138x10 ? J/K)(4.20 K) 
P21.40 The most probable speed is vmp = 4 a -J | "m E k =| 132 m/s |. 
m í x g 


8k,T 
zm 


P21.41 (a) From v,, = 


n(6.64x 107 kgJ(112x10* m/s) 
8(1.38 x10 J/mol-K) 


we find the temperature as T = 


n(6.64x 10-7” kg (2.37 x 10° m/s) 


> 1.06 x 10° K 
8(1.38 x10? J/mol-K) 


b T= 


P2142 At0°C, T mokso = n 


At the higher temperature, Sos y = iT 


T = 4T = 4(273 K) =1 092 K =| 819°C |. 


2.37 x10 K 


*P2143 (a) 
(b) 
*P2144 (a) 
(b) 
Section 21.7 
P2145 (a) 
(b) 
(c) 
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From the Boltzmann distribution law, the number density of molecules with gravitational 
energy mgy is nge ™’¥/*s", These are the molecules with height y, so this is the number per 


volume at height y as a function of y. 


nly) =e msy/kKeT — 9—Mgy/NakeT _ 47 Mgy/RT 


Ng 
7 o 8910? kg/mol)(9.8 m/s? (1110? m) /(8.314 J/mol-K)(293 K) 


=e 129 -| 0.278 


We calculate 


oo 


[LZ " f eran mgdy J- a 


3 V kpT mg 
_ _ KBT p-mgy/ksT kgT (0 1) = kT 
mg 0 mg mg 
Using Table B.6 in the appendix 
: 1! kT Y 
DE PADS m -( | | 
0 (mg/kpT) m8 
T —-mgy/kgT 
Jue Ev dy 2 
kgT 
Then jy - 2- | aT /mg) hee, 
[e "I ay ksT /mg mg 
0 
2 
a RT eos -l831x105 m 
(M/N4)g Mg  mol.K289x10" kg9.8m 
Mean Free Path 
pus RE nae etae 
NA RT 
1.00 x 10? (133)(1.00)(6.02 x 10” 
N= l ) ( =| 3.21x 10” molecules 
(8.314)(300) 
1 V 1.00 m? 


4 — = — 
271/2 251/2 
nyad? 2"? Nad?2" (3.21 x10” molecules)(3.00 x10 mJ 2^ 


[2| 779 km 


f» 5-2 [642x107 s7 
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The average molecular speed is 


we 8k,T — |BkgN T 
\ zm zNAm 
8RT 
g= REISEN 
\7zM 
8(8.314 J/mol-K)3.00 K 
He 
\ n(2.016 x 10? kg/mol) 
v=178 m/s 


(a) The mean free path is 


1 1 


l = — 
V2zd^ny —.25(0.200x10? mJ" 1/m? 


¢=|5.63x10% m 


The mean free time is 


0 5.63x10!8 m 


= =3.17x 10° s=| 1.00 x 10? yr |. 
U 178 m/s 
(b) Now ny is 10° times larger, to make / smaller by 10° times: 
£215.663x10P m |. 
Thus, 4-317 x10" s - [1.00 x 10? yr |. 
v 
From Equation 21.30, / = — 
1 “ad? ny 
For an ideal gas, ny = DINS 
V kT 
Therefore, / = E. as required. 
J2zd?P 
E a E -P2 
£- |/2zd ny] ny = ET 
5 
d -3.60x107 m 1015 x10" 251x105 /m? 


i (1.38 x 10 23) 


<. l =6.93x10 m, or about | 193 molecular diameters |. 
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kT 
P21.49 Using P =n,kpT, Equation 21.30 becomes / =——2-— 1 
Ea Jas Pa? S 


;7936x10? m 


(b) Equation (1) shows that P,/, = P,¢,. Taking P,4/, from (a) and with 2, 21.00 m, we find 


(138x107? J/K)(293 K) 


(a) t= 


V2a(1.013 x 105 Pa (3.10 x 10-1? m) 


(1.00 atm)(9.36 x 105 m) 
100 m 


=| 9.36x10 atm |. 
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(c) For 2, 23.10x10 ? m, we have 


(1.00 atm)(9.36 x10 m) 
P; = T) =| 302 atm |. 
3.10x 107? m 


Additional Problems 


, DV | (1013 x 10° Pa)(4.20 mx 3.00 mx 2.50 m) 


=1.31x10° mol 
RT (8.314 J/mol-K)(293 K) 


P21.50 (a) 


N=nN, = (1.31 x10° mol](6.02 x10” molecules/mol) 


N =| 7.89 x 10 molecules | 


(b) — m=nM =(1.31x10° mol)(0.0289 kg /mol) =| 37.9 kg 


(c) : mov? = ; kT = = (1.38 x10? J/k)(293 K) =| 607 x10 ?' J/molecule | 
(d) For one molecule, 
.0289 k l 
mo = iz SS TELS = 4.80 x 10 76 kg /molecule 


N, 602x102? molecules/mol 


2(6.07 x107” J/molecule) 


=| 503 m/s 
4.80 x10% kg/molecule 


(ef) Em =nCyT= (5 Ji - : PV 


Emme = > (1013 x10? Pa)(31.5 m?)- [7.98 MJ 
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(a) Py =| 100 kPa T, =| 400 K 


y, "RT, _ 2.00 mol(8.314 J/mol-K)(400 K) 


f ; -0.0665 m? =| 665 L 
P; 100 x10° Pa 


AE, = (3.50)NRAT = 3.50(2.00 mol)(8.314 J/mol-K)(100 K) - | 5.82 kJ 


W =-PAV =-nRAT = -(2.00 mol)(8.314 J/mol- K)(100 K) =] -1.66 kJ 


Q=AE,,, -W =5.82 kJ +1.66 kJ =| 7.48 KJ 


.. 2,00 mol(8.314 J/mol: K)(300 K 
NRI Ano OE MOI) igs weap 


(b) — T;-[|400K V; =V; = 


P, 100 x 10? Pa 


T 
Bes 2) = 100 EJ =| 133 kPa W= -Í PdV =| 0 | since V = constant 


; 300 K 
AE;int =| 5.82 kJ | as in part (a) Q = AE; -W =5.82 kJ -0 =| 5.82 kJ 
(c) P; =| 120 kPa T; =| 300 K 
V; =V; Ea m 49.9 (m zu =| 41.6 L AE, = (3-50)nRAT =| 0 | since T = constant 
P; 120 kPa 


D V 
W =-| PaV= nRT, [ © RE SRT al 
SV FTLDAL iP 


1 


+909 J 


W = -(2.00 mol)(8.314 J/mol- K)(300 SE e| È 


Q= AE,,-W 20-910] -|-909] 


(à) — P,- 2015s y= fe Cv*R _350R+R 450 9 
TETUR 350R 3.50 7 
Vy 7/9 
P,VT = BV? : so V, =V; BÉ .499 oe | -[433L 
Py 120 kPa 
P,V 
r, -r| 22) ato (m T 3 EST. 
V; 100 kPa A 49.9 L 


AE ny = (3.50)n RAT = 3.50(2.00 mol)(8.314 J/mol-K)(12.4 K) - | 722] 
Q- g (adiabatic process) 
W =-Q+AE;nt =0+722 J =| +722 J | 


P21.52 


P21.53 


(a) 


(b) 


(c) 


(d) 


(e) 


(a) 


(b) 


Chapter 21 
The average speed vy is just the weighted average of all the speeds. 
[2(v) + 3(20) + 5(3v) + 4(40) + 3(5v) + 2(60) + 1(70)] m 
Es (2434544434 2-^1) Se 
First find the average of the square of the speeds, 
POR +3(20)?  5(30)? + 4(4v) + 35v)? + 2(60)^ + 1(70)" | 
= -1595v?. 
2+3+5+4+3+2+1 


The root-mean square speed is then Vms = 4v4 =| 3.990 |. 


The most probable speed is the one that most of the particles have; 


i.e., five particles have speed | 3.00v |. 


PV= lum 
3 


m(15.95)o? 2 
Therefore, P = = | V | = zi my | R 


The average kinetic energy for each particle is 


Kui = 1 (15.950?) = 7.98mv? |. 
2 2 


dV. PVG ENV, 
V? y-1 


f f 
PV’ =k.So,W = J Pav = kJ 


dE; =dQ+dW and dQ =0 for an adiabatic process. 


Therefore, W = - AE, = nCy(T, - T). 


: F . C 
To show consistency between these 2 equations, consider that y = a and Cp -C, =R. 


V 
Therefore, = = Ci 
y-1 R 


Using this, the result found in part (a) becomes 


Cy 


W=(P v-v) 


Also, for an ideal gas N =nT so that W = nCy(T, - T). 
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*P21.54 (a) W =nCy(T; -T;) 


2.500 J=1 mol : 8.314 J/mol-K (T; —500 K) 


T; =[300 K 


(b)  BVF-BVT 


y "d 
p nRT; _ P, nRT; TIBET = TY piv 
p P; f f 
-1 y/(r-1) yKr-1) 
Tilt ) E -( 
fet 
P Pr T; 


T, \/3)(3/2) 5/2 
P; = P| =3.60 atm 2) = [1.00 atm 
T, 500 


1 


*P21.55 Let the subscripts ‘1’ and ‘2’ refer to the hot and cold compartments, respectively. The pressure is 
higher in the hot compartment, therefore the hot compartment expands and the cold compartment 
contracts. The work done by the adiabatically expanding gas is equal and opposite to the work done 
by the adiabatically compressed gas. 


nR nR 
y-1 u Tis) = y-1 (T; Taş) 
Da T tT, = Ti; + Tz; =800 K (1) 


Consider the adiabatic changes of the gases. 


| PuVi = Piy 
P4Vj Pag Vip 


r 
p, (V 
ndi L| | since Vii = Vz; and Pj, = Pj, 
Vor 


JV {MRT 1p [Pry Y 
RTM 1 us/ J , using the ideal gas law 


“RT; /V2; | RT pf [Pj 
y 
Te. [T 
PS nt , since Vi; = V; and B = P5, 
Ti Dj 
: pw 1/14 
Ty (Ty -(= 3 -1756 Q) 
T», Tz; 250 K 


Solving equations (1) and (2) simultaneously gives 


Tı; =510 K, T;, = 290 K |. 
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*P21.56 The work done by the gas on the bullet becomes its kinetic energy: 
ne - ju x10? kg(120 m/s)” =7.92J. 
The work on the gas is 
1 
P,V, —-PV,)=-7.92 J. 
E (PV, - BV.) J 
V y 
Also P,V7 = PV? P; =P| =]. 
ff pd f d V; 
1 Vr 
So -7.92 J= — B V| — | -Vi. 
0.40 V; 
And V, =12 cm? +50 cm 0.03 cm? = 13.5 cm’. 
-7.92 J(0.40)10° cm? /m? 
Then P, = se) — [m^  [s74x10 Pa |=566 atm. 
3 3 
[135 cm?°( 44) -12 cm l 
P21.57 The pressure of the gas in the lungs of the diver must be the same as the absolute pressure of the 
water at this depth of 50.0 meters. This is: 
P= P + pgh=1.00 atm+(1.03x10° kg/m? (9.80 m/s”)(50.0 m) 
or  P-100atm-5.05x10? Pal n )- 5.98 atm 
1.013 x 10° Pa 
If the partial pressure due to the oxygen in the gas mixture is to be 1.00 atmosphere (or the fraction 
ET of the total pressure) oxygen molecules should make up only m of the total number of 
molecules. This will be true if 1.00 mole of oxygen is used for every 4.98 mole of helium. The ratio by 
weight is then 
(4.98 mol He)(4.003 g/mol He)g YS 
(1.00 mol O5)(2x15.999 g/mol O;)g  — —— — 
P21.58 (a) Maxwell's speed distribution function is N, (s/m) Be s 
T pipi ai EE LLI] 
2 = des bec SPS peek eed 
N,=42N| — gag P BAT ul 34 A ei ee 
27 ksT oe ee eae e aes 
Pfft de | 
With N -1.00 x 10*, " afore etykiet kapek a] 
uc. 9B pao kg ee c e 
Na 6.02x10 ae ares ea LE 
T =500 K 6 EEA Lee] 
and kg =1.38 x10” J/molecule-K aE ET ENS ead 
Ud Peps TOREN 
-(3.85x10% v? Duc A MEM EE 
this becomes N, = (1.71 x 10 *)v?e (ipe) T Bs NM WERE 
0 1 1 bia i ga ee 
To the right is a plot of this function for the range 900 im Tun 1500 


0<v<1500 m/s. 


continued on next page 


FIG. P21.58(a) 


624 


P21.59 


The Kinetic Theory of Gases 


(b) 


(c) 


(d) 


(a) 


(b) 


(c) 


(d) 


The most probable speed occurs where N, is a maximum. 


From the graph, | vmp 4 510 m/s 


[skr  {8(1.38x10-* (500) 
Va = - 3 n(5.32 x106) = 


Also, 
k.T  13(138x10 7 (500) 
(Leld B a | X =| 624 m/s 
m 5.32 x 10 
The fraction of particles in the range 300 m/s < v <600 m/s 
600 
JN „dv 
m 300 
N 
where N -10* 


and the integral of N, is read from the graph as the area under the curve. 


This is approximately 4 400 and the fraction is 0.44 or | 44% |. 


Since | pressure increases as volume decreases | (and vice versa), 


For an ideal gas, V = EL and x, = vA E) 


If the compression is isothermal, T is constant and 


nRT( 1) 1 
TET Wt pe pe 


For an adiabatic compression, PV’ =C (where C is a constant) and 


1d (S)" «| Cur pir 1 
Ky = = = = 


V dP\P Viy J pit pr? yp 

Ki- i-o ec PAPST 

P (2.00 atm) 

Cp Balk 5 

y =— and for a monatomic ideal gas, y = 3' so that 

V 
E > 1 0300 atm 

yP (2.00 atm) 
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P21.60 (a) The speed of sound is v= E where B= vi. 
p 


According to Problem 59, in an adiabatic process, this is B — ELS =P. 
Ko 


Also, po Ps 1M _ (uRT)M _ PM 
OP ae T AREY RE 


in the ideal gas is v = E zl RT _| [RT | 
p PM M 


(b) 1.40(8.314 J/mol-K)(293 K) 
a 0.0289 kg/mol ; 
This nearly agrees with the 343 m/s listed in Table 17.1. 


kgNAT kpT 
(c) We use kp = and M=mN,:0= [RF - VBA 4t HE 
Na M mN 4 m 


where m, is the sample mass. Then, the speed of sound 


344 m/s 


The most probable molecular speed is SE ? 
m 


[8k,T kgT 
the average speed is Ska , and the rms speed is aks : 
zm m 


All are somewhat larger | than the speed of sound. 


m 1.20 kg 


P21.61 n=—= 
M 0.0289 kg/mol 


= 41.5 mol 


nRT, (415 mol)(8.314 J/mol-K)(298 K) 


(a) V, 5 0.514 m? 
P, 200 x 10? Pa 
P V p 2 2 
(b) L-XL so V; =V | =(0514 JE =| 2.06 m? 
DV 400 x 10? Pa J 2.06 m? 
E ( I lee 2.38 x 10° K 


nR — (41.5 mol)(8.314 J/mol-K) 


i " i 32 
(d) W =- [Pav --c [V'?av Erja 
yi? 5 
V V, i 


i i 


V; 
2| P; 3/2 173/2 
L- (V V; 
1/2 ( f i ) 
V; at | 


1 


2( 200x10? Pa | 332 a 5 
2.06 m - (0.514 m) |=| —4.80 x 10 
af 40.514 m | ( ) ( ) J 


(e) AE int 2 nCyAT = (41.5 mol) >(8314 J/mol- K) |238 x10? — 298) K 


AE int =1.80 x 10° J 
Q = AE, -W =1.80 x 10° J+ 4.80 x 10° J = 2.28 x 10° J =| 2.28 MJ 
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P21.62 The ball loses energy : mv? mv; = : (0.142 kg)[(47.2)" - (42.5) m?/s? = 29.9 J 
The air volume is V = (0.037 0 m) (19.4 m) = 0.083 4 m? 


py 1013x10? Pa(0.083 4 m?) 


and its quantity is —3.47 mol 
RT (8.314 J/mol-K)(293 K) 
The air absorbs energy according to 
Q- nCpAT 
So AT = Q 2e] =| 0.296°C 
nCp 3.47 mol($)(8.314 J/mol-K) 


3/2 P 
P21.63 N= sanf k | Pea | 


27 kgT 2k pT 
12 
Note that Omp = ES 
m 
3/2 es 
Thus, N,(v) 4a N| —“— ve Pre) 
20 kpT 
2 
And N, (0) = | i | m fos) 
N. (vs) UÜmp 
v 
For v= 
50 
2 2 
lO EJ 05]. 09,49 
No (vs) 50 
The other values are computed similarly, with the v N, (v) 
following results: Vimp N, (omp) 
: 1.09 x10? 
pu . x 
50 
L 2.69 x 10? 
10 . x 
> 0.529 
2 
1 1.00 
2 0.199 
10 1.01x10 
50 1.25 x 10"? 


To find the last value, note: 


(50)? e!2 500 _ 2 500024 


In10)(-2 499/In10 z E 2 
101082500 „(1n10)( /In10) _ 4010825004 9-2 499/In10 _ 41082 500-2 499/In10 _ 4 -1 081.904 


P21.64 


P21.65 


*P21.66 
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(a) The effect of high angular speed is like the effect of a very high gravitational field on an 
atmosphere. The result is: 


The larger-mass molecules settle to the outside | while the region at smaller r has a higher 


concentration of low-mass molecules. 


(b) Consider a single kind of molecules, all of mass m. To cause the centripetal acceleration of 
the molecules between r and r +dr , the pressure must increase outward according to 
YE =ma,. Thus, 


PA - (P. dP)A - -(nmA dr)(ro? ) 
where n is the number of molecules per unit volume and A is the area of any cylindrical 


surface. This reduces to dP 2 nmo?rdr. 


But also P 2 nk5T', so dP = kgTdn. Therefore, the equation becomes 


2 n 2r 
Br. MO sdr giving [Em ma frar or 
n kT mo FT, 


r 


2 2 
n mo T 
npo, “trl 
0 


2 

n mo : 202 

In} — |= r° and solving for n: | n 2 nge"" ^ fakgT | 
nog) 2kgT 


1 o0 
First find v2, as v3, =—[v°N,do. Let a = 
No 2kp 


-1/2 3/2] co 
ER [ANz a | en = [9472] 2 E- 3kgT 
x 0 8a^ Va 


The root-mean square speed is then vms = Jv2, = 


To find the average speed, we have 


a 4Na?? 71? | > 3/2 1/2 
ipu perce 2 " e 
0 0 a zm 


We want to evaluate Z for the function implied by PV =nRT = constant, and also for the different 


function implied by PV” = constant. We can use implicit differentiation: 


From PV = constant pa. + yo =0 (2) =— È 
dV dV dV isotherm V 
P 
From PV = constant PW +V” e 0 = id 
dV dV adiabat V 
Therefore, | aP ) = if aP 
dV adiabat dV isotherm 


The theorem is proved. 
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(a) 


(b) 


(c) 


(d) 


(e) 


(f) 


(g) 


1.013 x 10° Pa\(5.00 x 10? m? P(atm) 
PU I E 0.203 mol 3 -— 
RT (8.314 J/mol- K)(300 K) 
P 3.00 M 
Ts -r B Jo « E 900 K 
P, 1.00 zl š 
A 
Tc - Tg =| 900 K 
0 | | L vq) 
0 5 10 15 
Ve S Vi = | =5.00 "EJ -|150L 
300 
FIG. P21.67 
3 3 
Ei a = 7 RT, = 5 (0.203 mol)(8.314 J/mol-K)(300 K) - | 760 J 
Ene B= Ein c = ; nRT; = : (0.203 mol)(8.314 J/mol-K)(900 K) - | 2.28 kJ 
P (atm) V(L) T(K) Ein (kJ) 
A 1.00 5.00 300 0.760 
B 3.00 5.00 900 2.28 
e 1.00 15.00 900 2.28 


For the process AB, lock the piston in place and put the cylinder into an oven at 900 K. For 

BC, keep the sample in the oven while gradually letting the gas expand to lift a load on the 
piston as far as it can. For CA, carry the cylinder back into the room at 300 K and let the gas 
cool without touching the piston. 


For AB: 


For BC: 


For CA: 


Wz|0 AE int = Eint, p — Eint, a = (2.28 — 0.760) kJ =| 1.52 kJ 
Q=AE,,, -W =| 1.52 kJ 

AE; =| 0 |, W z-nRTg nf FE) 

W =-(0.203 mol)(8.314 J/mol-K)(900 K)In(3.00) =| 11.67 kJ 

Q- AB -W = [167] 

AE int = Eint, A ~ Eint, c = (0.760 — 2.28) kJ = | -1.52 kJ 

W =-PAV =-nRAT = -(0.203 mol)(8.314 J/mol- K)(-600 K) =| 1.01 kJ 
Q=AE,,, — W = -1.52 kJ -1.01 kJ =| -2.53 kJ 


We add the amounts of energy for each process to find them for the whole cycle. 


Qapca = +1.52 KJ +1.67 kJ- 2.53 kJ =| 0.656 KJ 


Warca =0 -1.67 kJ +1.01 kJ =| -0.656 kJ 


(AE, 


int) anca = +152 KJ +0-152 kJ=[0 


P21.68 (a) 


(b) 


(c) 


P21.69 (a) 


(b) 


P21.70 (a) 
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=| 3.34x 10” molecules 


18.0g 1.00 mol 


(10 000 zl 


1.00 mol | 6.02 x 10? moles 


After one day, 10 ! of the original molecules would remain. After two days, the fraction 
would be 10 ? , and so on. After 26 days, only 3 of the original molecules would likely 
remain, and after | 27 days |, likely none. 


10.0 k 
The soup is this fraction of the hydrosphere: | 6 } 


1.32 x10”! kg 


Therefore, today’s soup likely contains this fraction of the original molecules. The number of 
original molecules likely in the pot again today is: 


1.32 x10” kg 


[sees lane x 107 molecules) =| 2.53 x 10° molecules |. 


1 2 GmM 
For escape, 280 = 


: GM ,. 
. Since the free-fall acceleration at the surface is 2 = PE this can 
E E 


1 GmM 
also be written as: — mv? =~ = mgRg |. 
2 Rg 


For O,, the mass of one molecule is 


.0320 k l 
m= : Lx U =5.32x10°* kg/molecule. 
6.02 x10“ molecules/mol 


3kpT 
2 


Then, if mgRg = uf ) the temperature is 


mgR, (532x107 kg)(9.80 m/s)(6.37 x 10* m) 


z = =| 1.60104 K J. 
15kg 15(1.38 x10” J/mol-K) 


For sodium atoms (with a molar mass M =32.0 g/mol) 


=| 0.510 m/s 


BRT — |3(8.314 J/mol-K)(2.40x10* K) 
zd YM 23.0x10? kg 


d | 0010m 
(v 0.510 m/s 


rms 


20 ms 
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ANSWERS TO EVEN PROBLEMS 


P21.2 


P21.4 


P21.6 


P21.8 


P21.10 


P21.12 


P21.14 


P21.16 


P21.18 


P21.20 


P21.22 


P21.24 


P21.26 


P21.28 


P21.30 


P21.32 


P21.34 


P21.36 


P21.38 


P21.40 


17.6 kPa 

5.05 x 10?! J/molecule 
6.64 x 10 7 kg 

477 m/s 

(a) 2.28 kJ; (b) 621 x 10?! J 
74.8 J 

7.52 L 

(a) 118 kJ; (b) 6.03 x 10° kg 


(a) 719 J/kg -K; (b) 0.811 kg; (c) 233 KJ; 
(d) 327 kJ 


13.5PV 
(a) 4T; (b) 9(1 mol)RT; 

(a) 0.118; (b) 2.35; (c) 0; 135 J; 135] 

(a) 515x10? m?; (b) 560 K; (c) 2.24 K 
(a) 155; (b) 0.127 m? 


(a) see the solution; (b) 2.19V;; (c) 3T; 
(d) T;; (e) -0.8305;V; 


25.0 kW 
see the solution 


(a) No atom, almost all the time; 
(b) 270 x 107° 


(a) 1.03; (b) * Cl 


132 m/s 


P21.42 


P21.44 


P21.46 


P21.48 


P21.50 


P21.52 


P21.54 


P21.56 


P21.58 


P21.60 


P21.62 


P21.64 


P21.66 


P21.68 


P21.70 


819°C 
(a) see the solution; (b) 8.31 km 


(a) 5.63 x10? m; 1.00 x 10? yr; 
(b) 5.63 x 10? m; 1.00 x 10? yr 


193 molecular diameters 


(a) 7.89 x 10% molecules; (b) 37.9 kg; 
(c) 6.07 x 10?! J/molecule; (d) 503 m/s; 
(e) 7.98 MJ; (f) 7.98 MJ 


(a) 3.650; (b) 3.99v; (c) 3.000; 
2 
(d) 10 ; (e) 7.98mv? 


(a) 300 K; (b) 1.00 atm 
5.74 x 10$ Pa 


(a) see the solution; (b) 5.1x 10? m/s; 
(c) vay 2 575 m/s; Vins = 624 m/s; (d) 44% 


(a) see the solution; (b) 344 m/s nearly 
agreeing with the tabulated value; 

(c) see the solution; somewhat smaller 
than each 

0.296°C 

see the solution 


see the solution 


(a) 3.34x 10” molecules; (b) during the 
27th day; (c) 2.53 x 10° molecules 


(a) 0.510 m/s; (b) 20 ms 


Q22.3 


Q22.4 


Q22.5 


Q22.6 


Heat Engines, Entropy, and the 
Second Law of Thermodynamics 


ANSWERS TO QUESTIONS 


Q22.1 First, the efficiency of the automobile engine cannot exceed the 
Carnot efficiency: it is limited by the temperature of burning 
fuel and the temperature of the environment into which the 
exhaust is dumped. Second, the engine block cannot be 
allowed to go over a certain temperature. Third, any practical 
engine has friction, incomplete burning of fuel, and limits set 
by timing and energy transfer by heat. 


Q22.2 It is easier to control the temperature of a hot reservoir. If it 
cools down, then heat can be added through some external 
means, like an exothermic reaction. If it gets too hot, then heat 
can be allowed to “escape” into the atmosphere. To maintain 
the temperature of a cold reservoir, one must remove heat if 
the reservoir gets too hot. Doing this requires either an “even 
colder” reservoir, which you also must maintain, or an 
endothermic process. 


A higher steam temperature means that more energy can be extracted from the steam. For a 
constant temperature heat sink at T,, and steam at T, , the efficiency of the power plant goes as 
T; -T. T, 

h-c =1-— and is maximized for a high T,. 
T, T, 


No. Any heat engine takes in energy by heat and must also put out energy by heat. The energy that 
is dumped as exhaust into the low-temperature sink will always be thermal pollution in the outside 
environment. So-called 'steady growth' in human energy use cannot continue. 


No. The first law of thermodynamics is a statement about energy conservation, while the second is a 
statement about stable thermal equilibrium. They are by no means mutually exclusive. For the 
particular case of a cycling heat engine, the first law implies IQ, = Weng + IQ. , and the second law 


implies |Q, |» 0. 


Take an automobile as an example. According to the first law or the idea of energy conservation, it 
must take in all the energy it puts out. Its energy source is chemical energy in gasoline. During the 
combustion process, some of that energy goes into moving the pistons and eventually into the 
mechanical motion of the car. Clearly much of the energy goes into heat, which, through the cooling 
system, is dissipated into the atmosphere. Moreover, there are numerous places where friction, both 
mechanical and fluid, turns mechanical energy into heat. In even the most efficient internal 
combustion engine cars, less than 30% of the energy from the fuel actually goes into moving the car. 
The rest ends up as useless heat in the atmosphere. 
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Q22.7 


Q22.8 


Q22.9 


Q22.10 


Q22.11 


Q22.12 


Q22.13 


Q22.14 


Q22.15 


Suppose the ambient temperature is 20°C. A gas can be heated to the temperature of the bottom of 
the pond, and allowed to cool as it blows through a turbine. The Carnot efficiency of such an engine 
: AT 80 
is about e, = — = — = 22%. 

T, 373 


No, because the work done to run the heat pump represents energy transferred into the house by 
heat. 


A slice of hot pizza cools off. Road friction brings a skidding car to a stop. A cup falls to the floor and 
shatters. Your cat dies. Any process is irreversible if it looks funny or frightening when shown in a 
videotape running backwards. The free flight of a projectile is nearly reversible. 


Below the frost line, the winter temperature is much higher than the air or surface temperature. The 
earth is a huge reservoir of internal energy, but digging a lot of deep trenches is much more 
expensive than setting a heat-exchanger out on a concrete pad. A heat pump can have a much 
higher coefficient of performance when it is transferring energy by heat between reservoirs at close 
to the same temperature. 


(a) When the two sides of the semiconductor are at different temperatures, an electric potential 
(voltage) is generated across the material, which can drive electric current through an 
external circuit. The two cups at 50*C contain the same amount of internal energy as the pair 
of hot and cold cups. But no energy flows by heat through the converter bridging between 
them and no voltage is generated across the semiconductors. 


(b) A heat engine must put out exhaust energy by heat. The cold cup provides a sink to absorb 
output or wasted energy by heat, which has nowhere to go between two cups of equally 
warm water. 


Energy flows by heat from a hot bowl of chili into the cooler surrounding air. Heat lost by the hot 
stuff is equal to heat gained by the cold stuff, but the entropy decrease of the hot stuff is less than the 
entropy increase of the cold stuff. As you inflate a soft car tire at a service station, air from a tank at 
high pressure expands to fill a larger volume. That air increases in entropy and the surrounding 
atmosphere undergoes no significant entropy change. The brakes of your car get warm as you come 
to a stop. The shoes and drums increase in entropy and nothing loses energy by heat, so nothing 
decreases in entropy. 


A V. 
(a) For an expanding ideal gas at constant temperature, AS = © -nR mf vi ) 
1 


(b) For a reversible adiabatic expansion AQ - 0, and AS = 0. An ideal gas undergoing an 
irreversible adiabatic expansion can have any positive value for AS up to the value given in 
part (a). 


The rest of the Universe must have an entropy change of +8.0 J/K, or more. 


Even at essentially constant temperature, energy must flow by heat out of the solidifying sugar into 
the surroundings, to raise the entropy of the environment. The water molecules become less 
ordered as they leave the liquid in the container to mix into the whole atmosphere and 
hydrosphere. Thus the entropy of the surroundings increases, and the second law describes the 
situation correctly. 


Q22.16 


Q22.17 


Q22.18 


Q22.19 


Q22.20 


Q22.21 
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To increase its entropy, raise its temperature. To decrease its entropy, lower its temperature. 
“Remove energy from it by heat” is not such a good answer, for if you hammer on it or rub it with a 
blunt file and at the same time remove energy from it by heat into a constant temperature bath, its 
entropy can stay constant. 


An analogy used by Carnot is instructive: A waterfall continuously converts mechanical energy into 
internal energy. It continuously creates entropy as the organized motion of the falling water turns 
into disorganized molecular motion. We humans put turbines into the waterfall, diverting some of 
the energy stream to our use. Water flows spontaneously from high to low elevation and energy 
spontaneously flows by heat from high to low temperature. Into the great flow of solar radiation 
from Sun to Earth, living things put themselves. They live on energy flow, more than just on energy. 
A basking snake diverts energy from a high-temperature source (the Sun) through itself temporarily, 
before the energy inevitably is radiated from the body of the snake to a low-temperature sink (outer 
space). A tree builds organized cellulose molecules and we build libraries and babies who look like 
their grandmothers, all out of a thin diverted stream in the universal flow of energy crashing down 
to disorder. We do not violate the second law, for we build local reductions in the entropy of one 
thing within the inexorable increase in the total entropy of the Universe. Your roommate's exercise 
puts energy into the room by heat. 


(a) Entropy increases as the yeast dies and as energy is transferred from the hot oven into the 
originally cooler dough and then from the hot bread into the surrounding air. 


(b) Entropy increases some more as you metabolize the starches, converting chemical energy 
into internal energy. 


Either statement can be considered an instructive analogy. We choose to take the first view. AII 
processes require energy, either as energy content or as energy input. The kinetic energy which it 
possessed at its formation continues to make the Earth go around. Energy released by nuclear 
reactions in the core of the Sun drives weather on the Earth and essentially all processes in the 
biosphere. The energy intensity of sunlight controls how lush a forest or jungle can be and how 
warm a planet is. Continuous energy input is not required for the motion of the planet. Continuous 
energy input is required for life because energy tends to be continuously degraded, as heat flows 
into lower-temperature sinks. The continuously increasing entropy of the Universe is the index to 
energy-transfers completed. 


The statement is not true. Although the probability is not exactly zero that this will happen, the 
probability of the concentration of air in one corner of the room is very nearly zero. If some billions 
of molecules are heading toward that corner just now, other billions are heading away from the 
corner in their random motion. Spontaneous compression of the air would violate the second law of 
thermodynamics. It would be a spontaneous departure from thermal and mechanical equilibrium. 


Shaking opens up spaces between jellybeans. The smaller ones more often can fall down into spaces 
below them. The accumulation of larger candies on top and smaller ones on the bottom implies a 
small increase in order, a small decrease in one contribution to the total entropy, but the second law 
is not violated. The total entropy increases as the system warms up, its increase in internal energy 
coming from the work put into shaking the box and also from a bit of gravitational energy loss as the 
beans settle compactly together. 
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SOLUTIONS TO PROBLEMS 


Section 22.1 Heat Engines and the Second Law of Thermodynamics 


Weng 250]. 


P22.1 (a) e= 
Q,| 360] 


0.069 4 | or | 6.94% 


) |Q.|=|Qh|-Weng =360 J- 25.0 J=[335 J 


P22.2 — Wa, -|Q;|-|Q.|- 200 J (1) 
e= Weng =1 en = 0.300 Q) 

[n len 
From (2), |Q, | - 0.700|Q;| (3) 


Solving (3) and (1) simultaneously, 


we have 
(a) IQ,| 2 667 J | and 
(b) lQ.|- 467 J |. 


Weng E IQ.|- Ia. =1 Q.| 
IQ. [on Qal 


with |Q,|=8 000 J, we have |Q,|- | 10.7 kJ 


P22.3 (a) We have e= =0.250 


(b) Weng = IQ. E la. | = 2 667 J 


Weng 2 667 J _ 
9 — 5000 J/s 


eng 


and from ? = d we have At = 0.533 s |. 


*P22.4 We have Qy, = 40,,, Weng x = 2Wengy and Qoy =7Q,,. As well as Qj, = Weng x +Qex and 


Qy, =Wengy + Qoy- Substituting, 40,, = 2Wengy + 7Qey 


4; = 2W, +7Qiy -7W, 


engy engy 
5Weng y = 3Qhy 
Wen 
(b) 8; _ engy 3 _ 60.0% 
Qhy 5 
Wen x 2Wen 
(a) e,=— = sy 2 (0.600) = 0.300 =| 30.0% 
Qix 4Q ny 4 


Chapter 22 
*P22.5 (a) The input energy each hour is 
(7.89 x 10° J/revolution (2500 rev/min) So Ii: resid? duh 
implying fuel input (1.18 x10” J/h) T, L/h 
4.03 x 107 J 
(b) Qnr =W.ng + Q 3l For a continuous-transfer process we may divide by time to have 
Qi. Was Td 
At At At 
Wen 
Useful power output = —“® = Q, B. 
At At At 
3 3 ; 
_[ 7.89 ur J 458 a J eo Ee 1 min -138x105 W 
revolution revolution) 1min 60s 
1h 
Paa =1.38 x105 W| — E |- [185 hp 
? 746 W 
Seng — 138x10? 
(c) Png =TO=> T=— 2 = - J/s (==4)- 527 N-m 
$ @ (2500 rev/60 s)\ 2zrad 
l °J(2 

(d) Q.| _ 458x10 Jf 2500 rev) [15-195 w 

At revolution 60s 

P22.6 The heat to melt 15.0 g of Hg is IQ.| - mL, - (15x10? kg)(1.18x10* J/kg)=177 J 


The energy absorbed to freeze 1.00 g of aluminum is 


|Q;| mL, - (10? kg)(3.97 x 10° J/kg) =397 J 


and the work output is Weng = [Qu|-|Q.] - 220 J 
W, 
e=— -= 220] — 0.554, or | 55.4% 
lg, | 397] 
The theoretical (Carnot) efficiency is FREED OOS aL 0.749 = 74.9% 
T, 933 K 


Section 22.2 Heat Pumps and Refrigerators 


P22.7 COP(refrigerator) = 2e 


(a) IfQ,=120J and COP =5.00, then | W 2240] 


(b) Heat expelled = Heat removed + Work done. 


Q, =Q, +W =120 J+ 24J=| 144] 


635 


636 Heat Engines, Entropy, and the Second Law of Thermodynamics 


= 2000 W = 2.00 KW 


P At = (2.00 KW)(1500 h) = 3.00 x 10° kWh 
Cost = (3.00 x 10° kWh)(0.100 $/kWh) = $300 


=1 000 W 21.00 kw 


P At = (1.00 KW)(1500 h) = 1.50 x 10? kWh 
Cost = (1.50 x 10° kWh)(0.100 $/kWh) - $150 


P22.8 COP =3.00 = e Therefore, W = Q ; 
W 3.00 
The heat removed each minute is 
S = (0.030 0 kg(4 186 J/kg °C)(22.0°C) + (0.030 0 kg)(3.33 x 10° J/kg) 
+(0.030 0 kg)(2 090 J/kg^C)(20.0*C)-1.40 x 10* J/min 
Or, Q- 233 J/s. 
2 
Thus, the work done per sec = ? = = is 77.8 W |. 
P229 (a) (100 bu (= J ) PIG [PEE cong 
h-W A 1 Btu A 3600 s À 1 J/s 
(b) Coefficient of performance for a refrigerator: (COP), efrigerator 
1 B 
(o) With EER 5, 5 Btu 10000 tu/ h, d 10 oe 
h-W I T 
Energy purchased is 
With EER 10, 10 Btu 10000 a ae 10 EUM 
h . W ig We 
Energy purchased is 
Thus, the cost for air conditioning is half as much with EER 10 
Section 22.3 Reversible and Irreversible Processes 


No problems in this section 


Section 22.4 The Carnot Engine 
W Weng 
P22.10 When e=e,,1 Te _ ang. M L 
T, [Qa] Qıl T, 
At 
Wen, 
( A Jat (1.50 x 10° W)(3 600 s) 
(a) Q,|= Tec 1- 29 
1- T — 758 
Q,,|=8.69 x 10° J=| 869 MJ 
Wen 
(b) Q.|=|Q,| | a IE = 8.69 x 10° — (1.50 x 10? (3 600) = 3.30 x 10° J = 


330 MJ 


P22.11 


P22.12 


P22.13 


P22.14 


*P22.15 
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T.=703K T,=2143K 
1440 
(a) £; pb a 67.2% 
T, 2143 
(b) IQ; 2 1.40 x 10? J, Weng = 0.420)Q,,| 
Wen x 
po oe 99x10] VISSEW 
At 1s 
The Carnot efficiency of the engine is e, = Br ES 0.253 
T, 473K 
At 20.0% of this maximum efficiency, e = 0.200(0.253) = 0.050 6 
From the definition of efficiency Weng = IQ, le 
Weng 10.0 kJ 
and = 8- =| 197k 
ei = 0.0506 ; 
Isothermal expansion at T, =523 K 
Isothermal compression at T, =323 K 
Gas absorbs 1 200 J during expansion. 
T, 323 
= — |=1200 J) — |=| 741 
e — i-o (7-2 (5)-ari 
(b) Weng 7 |Q;|- |Q.|- (1200 741) J=| 459 J 
We use e, =1- = 
T, 
as 0.300 21- E 
T, 
From which, T, =819 K =| 546°C 
The efficiency is éd Iri Q. 
T, [en 
lQ. 

Then Dak 

T, Œl 

At 
273 +100) K 
E Wel Te as, w2B+100K ioe w 
At AT, (273 + 20) K 

(a) IQ, = Weng + Q.| 

Wen 

The useful power output is 8- Q.. e. =19.6 W -15.4 W =) 4.20 W 
At At At 
3 600 
o ol- P p= by m= al At agg J/s) 5 |- [312x107 kg 
At At Ly 2.26 x 10^ J/kg 
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P2216 The Carnot summer efficiency is e 


P22.17 (a) 


T, , (273+20)K 


p=] = =0.530 

: Ti, (273 + 350) K 

And in winter, Cag ae Ma 0.546 
í 623 

i A . 0.546 
Then the actual winter efficiency is — 0.320 0530)" 0.330 | or | 33.0% 
PV, ) (Pv Y 
In an adiabatic process, P,VT - BV/ . Also, (e E (24) ; 
f i 


(b) 


P2218 (a) 


(b) 


(c) 


P (y-Ufy 
Dividing the second equation by the first yields T, = (2 í 


1 


Since y = s for Argon, E. Z =0.400 and we have 
y 


300 x10? Pa | 
T; =(1073 K) — — —À. =] 564K]. 
1.50 x 105 Pa 
AEg 2 Cy AT =Q -Weng =0—Weng 80 Weng — Cy AT, 
and the power output is 
| — 
ps eng _ nCyAT öt 
t t 
(-80.0 kg ( 109,50 (3)(8.314 J/mol-K)(564—1073)K 


60.0 s 


$2212x10? W=| 212 kW 


ec -1 Ic 1 SG — 0.475 or | 47.5% 
T, 1073 K 
T 278 E 
Emax =1 T, 1 F 512x107 =| 5.12% 


W, 
P= EU =75.0x10° J/s 


Therefore, W, 


Wen Was 2.70x10!! J/h 
*. we find yeh eu Ur 


From e= 
lo. e 512x107 


-527x10" J/h= 


As fossil-fuel prices rise, this way to use solar energy will become a good buy. 


eng = (75.0x10° J/s)(3 600 s/h) 2 270» 10" J/h 


527 TJ/h 


*P22.19 


P22.20 
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(a) en est Wenge, _ Oy rei 
Qui Qn 
Now Q»;, =Qic = Qj; Wengi Qin - eQy;. 
e +e -e 
Sora Qin + &2(Qin = &1Qın) Erw oewren 
Qu, 
(b) e=e; £5 665 71 date í fi r) EE P TN RU 
Dm T, E gm Uum 4 am 
The combination of reversible engines is itself a reversible engine so it has the Carnot 
efficiency. 
Wing +W, 2W, 
(c) With Weng2 = Wengi „e= engl eng2 — engl _ 2e, 
Qu Qu 
Ens sd 
T, T, 
NUM BC 
T, T, 
21; =T, T, 
1 
Tu 5 + T,) 
T; T 
d £j =e, =1-— =1-— 
De memes efe 
Teri, 
12 
Le (T,T,) i 


1 
The work output is Weng = 3 "train (5.00 m/ s)”. 


We are told e = — = 

h 

(5.00 m/s)” 
Q, 


300K 1 a (6.50 m/s)” 


0200 - Li, 
2 


d =1 
oe QE uS AE 
2 
5.00 m/s 
Substitute Q, = : m, /s) 
2 0.200 
lm,(650 m/s)" 
Then, 1-900 & ~ 0,200] 2 ( / y 
T, im,(5.00 m/s) 
1- SOS 0.338 
T, 
T= =| 53K 
0.662 
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T,=750 K 
P22.21 For the Carnot engine, e, = in as 0.600. i 
T, 750 K la; 
Also, e, = Weng es U c 
* |Qx| Engine Weng 150] 
AM N 
so Ilo,» — = I 
€, 0.600 lo. 
and IQ.|  Q;] -Weng = 250 J- 150 J=100 J. TEK 
FIG. P22.21 
Wen T,=750K 
(a) Qıl g- 91 1514 A : 
eç — 0.700 /N250] 
Q.|-|Q.| - Wa, = 214 J-150 J=| 643] Carnot 
Engine 
(b) Qi, net| = 214 J- 250 J =| 357] 
Q. net| = 64.3 J-100 J =| -35.7 J 100 J 
i T, = 300 K 
The net flow of energy by heat from the cold to the hot 
reservoir without work input, is impossible. FIG. P22.21 (b) 
. Weng 
(c) For engine S: — |Q.|=|Q;|—Weng = Weng- 
so Weng = Qd = ze =| 233] |. 
es 0700 - 1 
and IQ; - |Q.| - Weng = 233 J+100 J = 333 J |. 
(d) Qu net| = 333 J- 250 J =] 83.3 J T,, = 750 K 
333 J 250 J 
Waet = 233 J-150 J =| 83.3 J 
i M Carnot 
Io. nee|=[0 SE — 5180 Engine 
The output of 83.3] of energy from the heat engine | | 
by work in a cyclic process without any exhaust by \_ 100 J 100 J 
heat is impossible. 
FIG. P22.21(d) 
(e) Both engines operate in cycles, so ^ AS$; = AS carnot = 0- 
For the reservoirs, AS, =- Qal and AS, = , 4, 
T, T, 
Thus, AS, = AS; + AS TAS, AS, 2040 SEEN SN -0.111 J/K 
, total S Carnot h Ü 750K 300K t : 


A decrease in total entropy is impossible. 


P22.22 


(a) 


(b) 


Chapter 22 
First, consider the adiabatic process D > A: 
Y 10.0 L Y? 
PyVj = PV% Py 2p, —- = 1.400 kPa 100E) =| 712 kPa |. 
D'p =faVa S0 D (54 150L 
RT 
Also HEI» v$ = MSA Vi 
Vp Va 
y 2/3 
or Ier, VA -720 «(355 =| 549 K |. 
Vp 15.0 


Now, consider the isothermal process C > D: Tę = Tp =| 549 K |. 


V, V, Y f V, PV? 
Ve Vp Ve) VeVi 


5/3 
=| 445 kPa 


1400 kPa(10.0 L) 
24.0 L(15.0 L)?? 


C= 


Next, consider the adiabatic process B C: PV% = P- Vč. 


P,Vi V 
But, D. = —4—4 7 from above. Also considering the isothermal process, P, = ZU A } 
V. 
V4" B 
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VaVe _ 10.0 L(24.0 L) 


y 
Hence, P, VA Vj- PAVA Vé which reduces to Vz = -|16.0 L |. 
Vz Vevý' Vp 15.0 L 
Finally, Pz = P4| —- VA =1400 kPa (jeer) =| 875 kPa |. 
V; 16.0 L 
State P(kPa) V(L) T(K) 


A 1 400 10.0 720 
B 875 16.0 720 
C 445 24.0 549 
D 712 15.0 549 
For the isothermal process A > B: AEQ, 7 nCyAT =| 0 


soQ--W- ane 


A 


}- 2.34 mol(8.314 J/mol-K)(720 K)n 5 ]- 46.58 kJ |. 


For the adiabatic process B C: Q=/0 


AE int =NCy (Te - Tg) = 2.34 mol = 


(8.314 J/mol- K) [s -720)K-[-498 KJ | 


and W 2 -Q + AE, =0+(—4.98 kJ) =| -498 kJ J. 


continued on next page 
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P22.23 


P22.24 


P22.25 


For the isothermal process C > D: AE; =nCyAT =| 0 


C 


and Q=-W= zl E | = 2.34 mol(8.314 J/mol- K)(549 Kin 252 ) =| -5.02 ky |. 


24.0 


Finally, for the adiabatic process D — A: Q=|0 


3 


AE im - nCy(T4 - T5) = 2.34 mol 28314 J/mol- K) o -549) K =| 44.08 kJ 


and W =-Q+AE,,, 20-498 kJ =| +4.98 KJ |. 


Process QK) W(k]J) AE int (KJ) 

AB 0 
C+D 0 
DA +4.98 
ABCDA 0 


The work done by the engine is the negative of the work input. The output work Weng is 


given by the work column in the table with all signs reversed. 


W 


(c) pa 88 2 asco. MON) = Garon | 237% 
[9n Qas  658kM 
T, 
e,=1-—=1 at = 0.237 or | 23.7% 
T, 720 
T, 
(COP) erie => sw 9.00 
rems AT 30.0 
+W 
(COP), - Q. PE LCS EET: 
cores W AT 25 
Ko) 
(a) For a complete cycle, AE;,, =0 and W -|2;|- |Q.| - IQ. | io. -1. 
[4 
We have already shown that for a Carnot cycle (and only for a Carnot cycle) e = 
C 
T, - T, 
Therefore, W= IQ. | he | ; 
L 

(b) We have the definition of the coefficient of performance for a refrigerator, COP- 


Using the result from part (a), this becomes COP- Te 


P22.26 


P22.27 


P2228 


P22.29 


*P22.30 


Chapter 22 643 
COP = 0.100COP Carnot cycle Heat 
ə Pump lon 
or Bi =0. (Se! -010| - | R aer ds 
Ww Carnot cycle Carnot efficiency Inside 
T, 
& . 
IQ. oio. ]- oae aN )- 117 Outside 
W T, - T, 293 K - 268 K ® T, 
FIG. P22.26 


Thus, 


1.17 joules of energy enter the room by heat for each joule of work done. 


(COP )carnot refrig ` - 


2Ws[v22] 


T. 400 £4 


—— = 0.013 8 = 


AT 289 
per 1J energy removed P heat. 


A Carnot refrigerator runs on minimum power. 


ON NOs DUE Oa 
h (a T, Te 

Solving part (b) first: 

T, 
œ) | 9x ke T | (goo D E: = Zu (8.73 x 10° mz zn )- 2.43 kW 

t t (T, 273K 3 600 s 
00 x10* J/h 
aj aM. Lagew BO aw 
t t t 3600 s/h 
e= Hd 0.350 W =0.350Q,, 
Qi 
Qn =W+ Q. Q. T 0.650Q;, 
COP(refrigerator) = E OR 1.86 
W  0350Q, 
Top T, : 
To have the same efficiencies as engines, 1— a 1-— the pump and refrigerator must operate 
hp hr 
T 
between reservoirs with the same ratio —— = p = 150COP, 
hp hr 
T T 
ccn hp Bo WA 5 hp 23 Ty 2 = 3r pt 2 
lorlo pr Tg Duci a le tee 3 

; 2 

(a) COP, = — = —— =| 2.00 
1-r 1-2 

1 1 
b COP, - —- =| 3.00 
(0) P l-r 1-2 

2 

(c) Gate are 33.3% 
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Section 22.5 Gasoline and Diesel Engines 


P2231 (a BV/-BV] 


tA 3 1.40 
P; = 2t = (5.00105 DEUM - [244 kPa 
Vy 


300 cm? 
V; V. "4 
(b) W= | Pav p- (4) 
V; y 
Integrating, 
1 V y-1 50.0 3 \9-400 
W = PV|1-|— = (2.50)(3.00 x 10° Pa)(5.00 x10? m°) 1-| ==" 
pad V; 300 cm 
=|192J 


P22.32 Compression ratio = 6.00, y = 1.40 


y-1 
(a) Efficiency of an Otto-engine e-1— a 


EE 
e-1 =| 51.2% |. 


(b) If actual efficiency e' = 15.0% losses in system are e— e' =| 36.2% |. 


1 1 1 
P22.33 Coto =1 (V, vy -1 620" =1 (620949 
Cotto = 0.518 
We have assumed the fuel-air mixture to behave like a diatomic gas. 
Weng Weng /t 
Qn, = Qt 


Weng /t 
Qi, = eng] — 102 hp 746 WA hp 
t e 0.518 


on. 146 kW 


Qn m Weng F lQ.] 


| _ Q, Wen 
t t t 


Rel 146 x10? W -102 haf 


t 


Now e= 


70.8 kW 


746 W )_ 
Thp | 


P22.34 (a), (b) The quantity of gas is 


y 
In process AB, Pz = ZU) = (100 x 10° Pa (8.00) - [184x106 Pa 


so 


pv, (10010? Pa)(500 x 10° m?) 
RT, (8314 J/mol-K)(293 K) 


= 0.020 5 mol 


5 5 5 F 
Egi A = 5 MRT a = PAVA = 5 (100 x10? Paj(500x10 5 m?)- [125] 
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Va 


B 


6 -6 3 
p,vy (184x105 Pa}(500 x10% m?/&00) - cad 
nR (0.020 5 mol)(8.314 J/mol-K) 


Tg 


Eint B = SUNT, - > (0.020 5 mol)(8.314 J/mol-K)(673 K) = 


AE int, AB = 287 J -125 J =| 162 J |=Q-Wou =0 -Wout 


Process BC takes us to: 


0.020 5 mol)(8.314 J/mol- K)(1 023 K 
Po = Ried us James) ). 2.79 x 105 Pa 


Ve 62.5 x10 $ m? 


Enc ZUR. - (0.020 5 mol)(8.314 J/mol-K)(1023 K) - | 436 J 


Eint, gc = 436 J - 287 J=| 149 J |2Q-W, 2 Q-0 


Qgc =| 149 J 


In process CD: 


and 


287 J 


1.52 x10° Pa 


V "4 1 1.40 
Pp = re Fe) = (2.79 x 10° 26 
D . 


5 -6 3 
eee (152105 Pa)(500 x10% m ) EX 
P nR (00205 mol)(8.314 J/mol-K) 


Bice A > (0.020 5 mol)(8.314 J/mol-K)(445 K) = 


2 
AE int, cp = 190 J -436 J =| 246] |= Q- Wout = 0- Wout 


Wep = 246 J 


190 J 


AE int, DA = Eint A 7 Egi p = 125 J- 190 J =| -65.0 J |=Q-Wou =Q-0 


Qpa =| -650] 


continued on next page 
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For the entire cycle, AE int net = 162 J + 149 — 246 - 65.0 =| 0 


Wenge = —162 J +0 +246 J+0=| 84.3 J 


eng 


Que =0 +149 J+0 -65.0 J =| 84.3 J 


The tables look like: 


Then 


f 


a is the frequency at which we 


. The net work is 


,and Wano =| 843 J |. 


1.42x10° rev/min 


(c) The input energy is Q, =| 149 J |, the waste is lQ] = 
W, 
(d) The efficiency is: e = — = ecl 0.565 |. 
Q, 149] 
(e) Let f represent the angular speed of the crankshaft. 
obtain work in the amount of 84.3 J/cycle: 
1000 J/s= (yes J/cycle) 
2 
f= 2000 Jis = 23.7 rev/s = 
843 J/cycle 
Section 22.6 Entropy 
P22.35 For a freezing process, 
-(0.500 kg)(3.33 x 10° J/kg 
Ageee = l X / K 610 J/K |. 
T 273 K 


P22.36 


P22.37 


*P22.38 
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At a constant temperature of 4.20 K, 


AS = 250 g(1.00 calfg°C)In( 


(a) 


(b) 


(c) 


AQ L, 205 M/kg 


v 


T 420K 420K 


AS =| 4.88 kJ/kg-K 


AS = 


f T; 
as= [4 .. | 8T. ncn z 
wt ST T, 


i 
i 


353 
293 


)- 46.6 cal/K =| 195 J/K 


The process is | isobaric | because it takes place under constant atmospheric pressure. As 


described by Newton's third law, the stewing syrup must exert the same force on the air as 
the air exerts on it. The heating process is not adiabatic (energy goes in by heat), isothermal 
(T goes up), isovolumetic (it likely expands a bit), cyclic (it is different at the end), or 
isentropic (entropy increases). It could be made as nearly reversible as you wish, by not 
using a kitchen stove but a heater kept always just incrementally higher in temperature 
than the syrup. The process would then also be eternal, and impractical for food production. 


The final temperature is 


100 -0°C 


220° F = 212° F + 8° F = 100°C (mm 
212 - 32° F 


J= 102C. 


For the mixture, 
Q=my,c, AT + m,c,AT = (900 g 1 cal/g-°C +930 g 0.299 cal/g-°C)(104.4°C - 23°C) 


=9.59 x10* cal=| 4.02 x 10° J 


Consider the reversible heating process described in part (a): 


f f dT 
AS = J T = J Vitr unm, - (mc, + mye) in 


1 1 


" 4186 J Y 1°C 273 +104 
= [900(1) + 930(0.299) |(cal/ e Ical i 1K x 273 4.23 


- (4930 J/K)0.243 =| 1.20 x 10? J/K 
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*P22.39 We take data from the description of Figure 20.2 in section 20.3, and we assume a constant specific 
heat for each phase. As the ice is warmed from -12°C to 0°C, its entropy increases by 


faQ 273K ye AT 273 K 273K 
AS zi - J T = MCice Jr ‘aT = mc; ln Ts y 
i 261 K 261 K 


AS =0.027 0 kg(2 090 J/kg:°C)(In273 K -1n 261 K) = 0.027 0 kg(2 090 sec n( 2] 


AS = 2.54 J/K 
As the ice melts its entropy change is 


Q mL, 0.0270 kg(3.33%10° J/kg) 
T T 273 K 


AS = 


=32.9 J/K 


As liquid water warms from 273 K to 373 K, 


Í mCtiquiad T T 3 
AS-[— 359 menia In| | = 0027 0 kg(4186 J/kg-°C)In| = |-353 J/K 
J T MCiiquid | T | g( J/kg-°C) rf 25] J/ 
As the water boils and the steam warms, 
T 
AS B LE T. MC steam In ni 
T T, 
0.027 0 kg(2.26 x 10° J/kg 
AS = e , [kg) 40.027 0 kg(2010 J LES -164 J/K 2.14 J/K 


The total entropy change is 


(2.54 + 32.9 + 35.8 + 164+ 2.14) J/K =| 236 J/K |. 


We could equally well have taken the values for specific heats and latent heats from Tables 20.1 and 
20.2. For steam at constant pressure, the molar specific heat in Table 21.2 implies a specific heat of 
(35.4 J/mol- «| 


1 mol 


—— ——— |=1970 J/ke-K, nearly agreeing with 2010 J/ke-K. 
TUM J/kg y agreeing w J/kg 


Section 22.7 Entropy Changes in Irreversible Processes 


Q, Q, (1000 1000 
P2240 AS K =[3.27 J/K 
TT, | 290 570) 527I] 


P2241 The car ends up in the same thermodynamic state as it started, so it undergoes zero changes in 
entropy. The original kinetic energy of the car is transferred by heat to the surrounding air, adding 
to the internal energy of the air. Its change in entropy is 


4mo? 750(200) 


T 293 J/K -| 102 KK |. 


AS = 


P22.42 


P22.43 


P22.44 
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Ciron = 448 J/kg:°C; Cwater 74186 J/kg-°C 
Qood =—Qnot? 4.00 kg(4 186 J/kg-°C)(T; - 10.0°C) = -(1.00 kg)(448 J/kg-°C)(T; — 900°C) 
which yields T, = 33.2°C =306.2 K 


306.2 K 306.2 K 
AS = J C water! water4T | Cironlirond T 
283 K T 1173 K T 
AS = C water! water inf + Citron iron In n 
283 1173 
AS =(4186 J/kg -K)(4.00 kg)(0.078 8)+ (448 J/kg -K)(1.00 kg)(-1.34) 
AS =| 718 J/K 


Sitting here writing, I convert chemical energy, in ordered molecules in food, into internal energy 
that leaves my body by heat into the room-temperature surroundings. My rate of energy output is 
equal to my metabolic rate, 


2500 kcal/d = 


2500 x 10° cal (== J 


E 120 W. 
86 400 s 1 cal 


My body is in steady state, changing little in entropy, as the environment increases in entropy at the 
rate 


AS Q/T Q/A 120W 
==! = = -04 W/K~|1 WK |. 
ECT eK N 


When using powerful appliances or an automobile, my personal contribution to entropy production 
is much greater than the above estimate, based only on metabolism. 


ART, (400 g)(8.314 J/mol-K)(473 K) 


—-39.4 x10? m? =| 39.4 L 
P, (39.9 g/mol)(100 x10° Pa) 


(a) 


40.0 gm 
39.9 g/mol 


(D AEQ =nCyAT | JE (8.314 J/mol- K)|-200°¢) =|-2.50 kJ 


(c) W=0 so Q=AE,,, =| -2.50 kJ 


P 
(d) Sargon “le EZ nCy v f z) 


40.0 g [3 273) — 
s eT al (8.314 J/mol- X) 22)- 6.87 J/K 


2.50 kJ 
ASyath = =| 49416 J/K 
(e) bath TK Lt ui 


The total change in entropy is 


AS ota = AS argon + ASpath = 7687 J/K +9.16 J/K 242.29 J/K 


argon 


AStotal > 9 for this irreversible process. 
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P22.45 


P22.46 


P22.47 


P22.48 
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V, 


" J-Rin2- 5.76 J/K 


i 


AS =nR mf 


There is | no change in temperature |. 


FIG. P22.45 
Vy 
AS =nR]n ra (0.044 0)(2)RIn 2 
AS = 0.088 0(8.314)1n2 =| 0.507 J/K 0.044 mol | 0.044 mol 
(8.314) / o; 
FIG. P22.46 
For any infinitesimal step in a process on an ideal gas, 
dE, =dQ+dw: dQ = dE, - AW =nCydT + PAV =nCydT + M 
and aQ =nCy = +nR 2 
T T 
f f T V 
If the whole process is reversible, AS = f aQ, I(ncv ss -nR 24 =nCy In — i nRIn| + 
E EL. T V ; V; 
Ta 
Also, from the ideal gas law, — = = 
G BV; 
2.00)(0.040 0 0.040 0 
AS = (1.00 mol} 2(8314 J/mol. K) n eo) +(1.00 mol)(8.314 J/mol-K)In 
2 (1.00)(0.025 0) 0.025 0 


18.4 J/K 


1 My 
AS =nCy In} — |- nRIn| — 
T; Vi 


- (1.00 mol) 2 (8314 J/moi-K) i S dud 


PV 


AS - [346 J/K 
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Section 22.8 Entropy on a Microscopic Scale 


P22.49 (a) A 12 can only be obtained | one | way 6+6 


(b) A 7 can be obtained | six | ways: 6 +1, 5+2, 4+3,3+4,2+5,1+6 


P22.50 (a) The table is shown below. On the basis of the table, the most probable result of a toss is 
2 heads and 2 tails |. 


(b) The most ordered state is the least likely state. Thus, on the basis of the table this is 
either all heads or all tails |. 


(c) The most disordered is the most likely state. Thus, this is | 2 heads and 2 tails |. 


Result Possible Combinations Total 
All heads HHHH 1 
3H, 1T THHH, HTHH, HHTH, HHHT 4 
2H, 2T TTHH, THTH, THHT, HTTH, HTHT, HHTT 6 
1H, 3T HTTT, THTT, TTHT, TTTH 4 
All tails TTTT 1 
P22.1 (a) Result Possible Combinations Total 
Allred RRR 1 
2R, 1G RRG, RGR, GRR 3 
1R, 2G RGG, GRG, GGR 3 
All green | GGG 1 
(b) Result Possible Combinations Total 
All red RRRRR 1 
4R, 1G RRRRG, RRRGR, RRGRR, RGRRR, GRRRR 5 
3R, 2G RRRGG, RRGRG, RGRRG, GRRRG, RRGGR, 
RGRGR, GRRGR, RGGRR, GRGRR, GGRRR 10 
2R, 3G GGGRR, GGRGR, GRGGR, RGGGR, GGRRG, 
GRGRG, RGGRG, GRRGG, RGRGG, RRGGG 10 
1R, 4G RGGGG, GRGGG, GGRGG, GGGRG, GGGGR 5 
All green |GGGGG 1 


Additional Problems 


P22.52 The conversion of gravitational potential energy into kinetic energy as the water falls is reversible. 
But the subsequent conversion into internal energy is not. We imagine arriving at the same final 
state by adding energy by heat, in amount mgy, to the water from a stove at a temperature 
infinitesimally above 20.0°C. Then, 


dQ Q mgy 5000 m°(1000 kg/m°)(9.80 m/s? (50.0 m) 
P T? T 293 K 


AS = | 


8.36 x10° J/K |. 
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P22.53 (a) fisci ~ so if all the electric energy is converted into internal energy, the steady-state 


condition of the house is described by H pr = |Q]. 


Therefore, Piectric = Q =| 5000 W 
At 
T, 295K 
b For a heat ; COP =- 207 7 -1092 

(b) or a heat pump ( jr a FE 

At 
Actual COP = 0.6(10.92) = 6.55 = Ql _ [Qal/ 

W  W/At 


Therefore, to bring 5 000 W of energy into the house only requires input power 


5 .W |Q,/A 5000 W _ 
“heatpump "opo COP 6.56 


763 W 


P2254  |Q,|- mcAT +mL+mcAT = 
|Q.|= 0.500 kg(4186 J/kg-°C)(10°C) + 0.500 kg(3.33 x 10° J/kg) + 0.500 kg(2 090 J/kg-°C)(20°C) 
|Q.|= 2.08 x 10° J 


A = COP, (refrigerator) = L 


T, E T, 
T,-T.) (2.08 10° J|[20.0*C — (-20.0°C 
w Rell h Jf I ( ). 32.9 kJ 
T (273 — 20.0) K 
P22.55 ASQ ZANI 
600 K 
_ +750 J 
cold 350 K 


bo e, =1- = 0.417 
T, 


Weng = e,|Q;| -0.417(1000 J) =| 417 J 


(c) Wet = 417 J- 250 J =167 J 
T AS, = 350 K(0.476 J/K) =| 167 J 
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*P22.56 a The ener ut into the engine by the hot reservoir is dQ, = mcdT,,. The ener ut into the 
8y P 8 y 8y P 


z Jie. Then 


h 


cold reservoir by the engine is |dQ..|=—mcdT, = (1—e)aQ, = | í 


T, Th 


IET 


1/2 
T, - (r,T.)" 


(b) The hot reservoir loses energy |Q; | mc(T, — T; ). The cold reservoir gains |Q, |  m«(T, - T, ). 
Then IQ, - Weng +{Q,| ; 
Weng 7 me(T, -T,) - mdT, - T, ) 


=mc(T, ite Jn. +T.) 
= me(T, - 2T, JT. «T, mr, - JT; )- 


V. d Isothermal 
P22.57 (a) For an isothermal process, Q- maria) EE 


1 
Therefore, Q, =nR(3T,)In 2 (D 


and Q; = LOL © i 


© T; 


For the constant volume processes, Q, = AE;nt, 2 = TR -3T,) 


| 
| 
| 
| 
| 
V 


and Q4 - AE; c= S nR(T; - T) | 
i a2 mY 

The net energy by heat transferred is then s 

Q=Q1+Q2+Q3 +04 FIG. P22.57 
Or Q - | 2n RT;In2 |. 

(b) A positive value for heat represents energy transferred into the system. 

Therefore, IQ,| - Qı +Q, = 3nRT,(1+1n 2) 
Since the change in temperature for the complete cycle is zero, 

AE, =0 and Weng =Q 

W, 
Therefore, the efficiency is ec es. Q a 0.273 
IQ, IQ, 3(1--1n2) 
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eng 


P22.58 (a) 


Weng 
8 
=1.50 x10 Welectrical)’ Q =mL = lis g 


and L=33.0 kJ/g =33.0x10° J/kg 
Weng /t 
mo wens lt | At 
0150 |L 
(1.50 x 10° W)(86 400 s/day) 
m= 
0.150(33.0x 10° J/kgJ(10? kg/metric ton) 


=| 2.620 metric tons/day 


(b) Cost = ($8.00/metric ton)(2 618 metric tons/day)(365 days/yr) 


Cost =| $7.65 million/year | 


(c) First find the rate at which heat energy is discharged into the water. If the plant is 15.0% 
efficient in producing electrical energy then the rate of heat production is 


W, 
Q.| | eng It 1) (1.50 x 10? w\ 5-1) =8.50 x108 W. 
t t Ne 0.150 


Then, e. ae and 
[Q.| 8 
Wel 50x1 
LIESS 850xI0 s DIXI kg]. 
t cAT (4186 J/kg-°C)(5.00°C) 
Wen, 
P22.59 ¢,<1=22= Weng _ ar, Ri PPT 
T, IQ. Eu At (1 -T, ITa) T,-T, 
Q. IQ; Weng 
=W, SE : E 
IQ; eng lQ.| At Ai P. 
Q| 9% o m 
At T,-T, T, - T, 
PT, 
.|- mear : Ce (At jar 
At At T, - T, 
Am _ PT, 
At (T, -T.)cAT 
Am (1.00 x 10° W)(300 K) 


-|597 x10* kg/s 


At — 200 K(4 186 J/kg-°C)(6.00°C) 


P22.60 


P22.61 
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è de Weng ae Q " P P T, 

e T, [Qal Eu At -£) T, - T, 
lel (el) ,. vr. 
At (M) ^ T,-T, 


Q.| =mcAT , where c is the specific heat of water. 


Therefore, SA - Am Jar Lo A 
At \ At T, - T, 
Am 9T, 
and E 
At | (T, - T,)cAT 
(a) 35.0°F = (35.0 —32.0)°C = (1.67 + 27315) K = 274.82 K 
98.6°F = > (98.6 —32.0 C = (37.0 + 273.15) K = 310.15 K 
310.15 
ASice water = Í e (453.6 g)(1.00 cal/g -K) x P unt LE 
T ds 274.82 
310.15 — 274.82 
AS body 7 — ^N —(453.6)(1.00) ( ) |. 5167 cal/K 
Tid 310.15 
AS, stem = 54.86 51.67 =| 3.19 cal/K 


(b  (453.6)(1)(Tp — 274.82) = (70.0 x 10° \(1)(310.15 -Tp ) 


Thus, 


(70.0 + 0.453 6) x 10? T; =[(70.0)(310.15) + (0.453 6)(274.82)] x 10° 


and Ty = 309.92 K = 36.77°C =| 98.19°F 


AS ice water = 403-6 in | = 54.52 cal/K 
274.82 


iss) = 51.93 cal/K 


heath 3 
AShoay = -(70.0 x10 LET 


AS, =54.52 — 51.93 =| 2.59 cal/K | which is less than the estimate in part (a). 


= 54.86 cal/K 
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P22.62 


(a) 


(b) 


(d) 


For the isothermal process AB, the work on the gas is 


Va 


Wap = -5(L013 x 10° PaJ(10.0 10? m)in( a] 


10.0 
Wap = -8.15 x 10° J 


where we have used | 1.00 atm=1.013 x 10? Pa 
and 1.00 L 21.00x10? m? 


P(atm) 
A 
5 Isothermal 
Is process 
Me B 
Tm |_| | a V(liters) 
FIG. P22.62 


Wyc = -PAV = -(1013 x 10° Pa [(10.0 -50.0) x10? m? = +4.05 x 10° J 


Wea =0 and Weng = -Wag - Wgc = 411x10? J=[ 4.11 KJ 


Since AB is an isothermal process, AE; 45 =0 


and Qag 7 -Wag 2815 x 10° J 
For an ideal monatomic gas, C,- E and Cp = = 


PV, (1.013 10°)(50.0x 10°) 505.10? 


Tg T4 nR 


R R 


By. _ (1013 x10°)(10.0x10™°) 101.10? 


Also, T, 
5 nR 


R R 


3 3 
Oca -icuar xa (Se [522 1.01x10 J:ses J 


so the total energy absorbed by heat is Q 4g - Qc4 = 8.15 kJ +6.08 kJ =| 14.2 kJ |. 


Onc = nCpAT = > (nRAT) = > P,AVsc 
Qc = >(1013 x 10 (10.0 —50.0) x10? |= -1.01 x 104 J = 


= Weng E Weng = 411 x 10? J 
Qn] QagtQca 142x10*J 


e — 0.289 or | 28.9% 


R 


-101kj 
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*P22.68 Like a refrigerator, an air conditioner has as its purpose the removal of energy by heat from the cold 


reservoir. 
Its ideal COP is COPcarmnot = LR LUE 14.0 
T,-T, 20K 
At 
(a) Its actual COP is 0.400(14.0) = 5.60 = Q. = Q./ | 
Ral-Rel Raat- oc /A 
5.60 -5.60/82 - € 
At At At 
5.60(10.0 kw)- ede and 2 8.48 kW 
At At 
W, Q,| |Q 
b =Weng *|Q.|: TE = |="! L =e] = 10.0 kW -8.48 kW =| 152 kW 
( ) IQ, eng la. | AL AL AL 
(c) The air conditioner operates in a cycle, so the entropy of the working fluid does not change. 


(d) 


P22.64 (a) 


(b) 


The hot reservoir increases in entropy by 


10.0x10? J/s})(3 600 
ul Í EI SJ 5) 20x10 J/K 
jm 300 K 


The cold room decreases in entropy by 
jo] — (84810? J/s)(3 600 s) 
ERE 280 K 


C 


AS --109x10? J/K 


The net entropy change is positive, as it must be: 


+1.20x 10° J/K-1.09x10? J/K =] 109 x10* J/K 


The new ideal COP is COPcarmot = fe OE =11.2 
T,-T, 95K 
We suppose the actual COP is 0.400(11.2) = 4.48 
As a fraction of the original 5.60, this is zx — 0.800, so the fractional change is to 
drop by 20.0% |. 

Ve 2V; ; 
W= | PAV =nRT | a (1.00)RT In 2Vi | _[RTIn2 

UA V; V V; 


i 


The second law refers to cycles. 
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P22.65 Atpoint A, PV; =nRT; and n=1.00 mol P 
At point B, 3BV; -nRTg so Tp =3T; 
3P. | 
At point C, (3B)2V;))2nRTe- and Te=6T, í 
At point D, P,(2V,)=nRTp so Tp -2T, 2P. L 
The heat for each step in the cycle is found using Cy = o and B| 
2 
5R 
Cp = EE 
Qag 7 Cy (3T; - T;) = 3nRT, 
Qrc = nCp(6T, = 3T;) = 7.50nRT; FIG. P22.65 
Qcp =nCy (2T; - 67;) = -6nRT, 
Qpa =nC p(T; - 2T;) = -2.50nRT, 
(a) Therefore, Qentering = IQ. ES Qag + Onsc = 10.5n RT; 


(b) Qieaving = [on =, Qep + Qpal =| 8.50nRT; 


(c) Actual efficiency, e= l-el =| 0.190 
[Qh 
T T, T, 
(d) Carnot efficiency, e, -1-—--21-—--|0.833 
T, 6T, 
f f f 
dQ +nCpdT : T T 
*P22.66 AS= | E J = - ial ‘dT -nCpInT[/ =nCp(InT; -InT;)=nCp «(2 
PV 
AS =nCp In COUR nCpIn3 
nR PV, 
*P22.67 (a) The ideal gas at constant temperature keeps constant internal energy. As it puts out energy 


by work in expanding it must take in an equal amount of energy by heat. Thus its entropy 
increases. Let P,, V;, T; represent the state of the gas before the isothermal expansion. Let 
Pc, Vc, T; represent the state after this process, so that PV; = Pc Vc. Let P,, 3V;, T; represent 


the state after the adiabatic compression. 


Then PVE PV) 
Substituting Po= Ivi 
Vc 
gives PV;VE = P(3’ V7) 
y-l_gryr-l Vc _ arfly-1) 
Then Vé 23"V; aa 


1 


continued on next page 
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P22.69 
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The work output in the isothermal expansion is 


y- 


1 


C C 
W = J PAV =nRT,{ VAV = nRT, (YE) -nRT, In(37/679)- st }na 


This is also the input heat, so the entropy change is 
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T -1 
Since Cp=y Cy =Cy +R 
we have (y-1)Cy =R, Cy EE 

y-1 
R 

and Cp- GPS 

y- 
Then the result is AS =nCpln3 

(b) The pair of processes considered here carry the gas from the initial state in Problem 66 to the 


final state there. Entropy is a function of state. Entropy change does not depend on path. 


Therefore the entropy change in Problem 66 equals AS;isothermal + AS adiabatic in this problem. 


Since AS ,giabatic = 0, the answers to Problems 66 and 67 (a) must be the same. 


Simply evaluate the maximum (Carnot) efficiency. 


AT 400K 
eo =—= ae 0.014 4 
T, 277K 
The proposal does not merit serious consideration. 
The heat transfer over the paths CD and BA is zero P 
since they are adiabatic. Adiabatic 


Processes 


Over path BC: Qsc =nC p(Te - T5)» 0 
Q.| F lQp4| and Q; =Qzc 


The efficiency is then 


Therefore, 


god Qd, (Tp - TA)Cy 
Qn (Tc -Tg)Cp 


TITT 
e=1- HR, FIG. P22.69 
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P22.70 (a) Use the equation of state for an ideal gas 


Ve nRT 
P 
1. .314 
se X600) -|197x10? m? 
25.0(1.013 x 10°) 
1.00(8.314)(400 
ce ( X z 5 32.8 x10 m? 
TOR FIG. P22.70 
Since AB is isothermal, PaVa = P5Vg 
and since BC is adiabatic, PV% = P- VĚ 
F 1/(7-1) (32.8 107 ay (19:400) 
Vi 8x m 
Combining these expressions, Vz = ich ut = E acid 
KATA 25.0) 197x10? m 
Vz =| 119x10? m? 
(1/0.400) 
r 1/(7-1) 28 5 1.40 
Similarly Vp = Pa |VÀ = EJ du n: 
í P IU Pe) Vc 1.00) 328x10? m? 
or Vp =| 5.44x 10° m? 
Since AB is isothermal, PaVa = PaVp 
-3 3 
and AN A EE aa =; |=] 414 atm 
7 119 x10? m 
V 3 -3 3 
Also, CD is an isothermal and Pp = P-| —& |=1.00 at M cU T =| 6.03 atm 
Vp 5.44x10? m 


Solving part (c) before part (b): 


T, , 400K 
T, 600 K 


(c) For this Carnot cycle, e,=1 0.333 


(b) Energy is added by heat to the gas during the process AB. For the isothermal process, 


AE; =O. 
and the first law gives Qag =—Wap =^RT, m) 
A 
11.9 

or IQ; - Q4g - 1.00 mol(8.314 J/mol-K)(600 Kyn( 7 = 8.97 kJ 

Wen 
Then, from e= & 

Qıl 


the net work done per cycle is Weng = e.Q; = 0.333(8.97 kJ) =| 2.99 kJ |. 


P22.71 
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(a) 20.0°C 


T i NN 
(b . AS=mcin—+ mcln L- - 1.00 kg(419 kJ/kg-K) In—+In— | - (419 MK) ZE S) 
Ti f T T 283 303 


€) as-[ss IK] 


(d) Ye 


un 


. Entropy has increased. 


ANSWERS TO EVEN PROBLEMS 


P22.2 


P22.4 


P22.6 


P22.8 


P22.10 


P22.12 


P22.14 


P22.16 


P22.18 


P22.20 


P22.22 


P22.24 


P22.26 


P22.28 


P22.30 


P22.32 


(a) 667 J; (b) 467] P22.34 (a) (b) see the solution; 

(c) Qn =149 J; Q.| = 65.0 IE Weng = 843 E 
(a) 30.076; (b) 60.0% (d) 56.5%; (e) 142: 10? rev/min 
55.496 


P2236 — 488 kJ/kg-K 


77.8 W 
P22.38 (a) isobaric; (b) 402 kJ; (c) 1.20 kJ/K 


(a) 869 MJ; (b) 330 MJ P2240 3.27 J/K 


197 kJ 
P2242 718 J/K 
546°C 
P22.44 (a) 39.4 L; (b) 22.50 KJ; (c) -2.50 KJ; 
33.0% (d) -6.87 J/K; (e) +9.16 J/K 
(a) 5.12%; (b) 5.27 TJ/h; P2246 0.507 J/K 


(c) see the solution 
P2248 34.6 J/K 


453 K 
P22.50 (a) 2 heads and 2 tails; 
(a), (b) see the solution; (b) All heads or all tails; 
(c) 23.7%; see the solution (c) 2 heads and 2 tails 
11.8 P22.52 8.36 MJ/K 
1.17 J P22.54 32.9 kJ 
(a) 204 W; (b) 2.43 kW P22.56 see the solution 
(a) 2.00; (b) 3.00; (c) 33.3% P22.58 (a) 2.62x10? tons/d; (b) $7.65 million/yr; 


4.06 x 10* k 
(a) 51.2%; (b) 36.2% (c) g/s 
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P22.60 


P22.62 


P22.64 


P22.66 


9T, 
(T, - T.)cAT 


(a) 411 kJ; (b) 14.2 KJ; (c) 10.1 KJ; (d) 28.9% 


see the solution 


nC p In3 


P22.68 


P22.70 


no; see the solution 


(a) 


D 6.03 
(b) 2.99 KJ; (c) 33.3% 


V,L 
1.97 
11.9 
32.8 
5.44 


Electric Fields 


CHAPTER OUTLINE 


ANSWERS TO QUESTIONS 
23.1 Properties of Electric 
Beas Gases beds ty Q23.1 A neutral atom is one that has no net charge. This means that it 
"^^ Induction has the same number of electrons orbiting the nucleus as it has 
23.3  Coulomb's Law protons in the nucleus. A negatively charged atom has one or 
23.4 The Electric Field more excess electrons. 


23.5 Electric Field of a 


ERO uaa Q23.2 When the comb is nearby, molecules in the paper are polarized, 


Electric Field Lines similar to the molecules in the wall in Figure 23.5a, and the 
Motion of Charged Particles paper is attracted. During contact, charge from the comb is 

in a Uniform Electric Field transferred to the paper by conduction. Then the paper has the 
same charge as the comb, and is repelled. 


Q23.3 The clothes dryer rubs dissimilar materials together as it 
tumbles the clothes. Electrons are transferred from one kind of 
molecule to another. The charges on pieces of cloth, or on 
nearby objects charged by induction, can produce strong 
electric fields that promote the ionization process in the 
surrounding air that is necessary for a spark to occur. Then you 
hear or see the sparks. 


Q23.4 To avoid making a spark. Rubber-soled shoes acquire a charge by friction with the floor and could 
discharge with a spark, possibly causing an explosion of any flammable material in the oxygen- 
enriched atmosphere. 


Q23.5 Electrons are less massive and more mobile than protons. Also, they are more easily detached from 
atoms than protons. 


Q23.6 The electric field due to the charged rod induces charges on near and far sides of the sphere. The 
attractive Coulomb force of the rod on the dissimilar charge on the close side of the sphere is larger 
than the repulsive Coulomb force of the rod on the like charge on the far side of the sphere. The 
result is a net attraction of the sphere to the rod. When the sphere touches the rod, charge is 
conducted between the rod and the sphere, leaving both the rod and the sphere like-charged. This 
results in a repulsive Coulomb force. 


Q23.7 All of the constituents of air are nonpolar except for water. The polar water molecules in the air quite 
readily "steal" charge from a charged object, as any physics teacher trying to perform electrostatics 
demonstrations in the summer well knows. As a result—it is difficult to accumulate large amounts of 
excess charge on an object in a humid climate. During a North American winter, the cold, dry air 
allows accumulation of significant excess charge, giving the potential (pun intended) for a shocking 
(pun also intended) introduction to static electricity sparks. 


1 


2 Electric Fields 


Q23.8 


Q23.9 


Q23.10 


Q23.11 


Q23.12 


Q23.13 


Q23.14 


Q23.15 


Similarities: A force of gravity is proportional to the product of the intrinsic properties (masses) of 
two particles, and inversely proportional to the square of the separation distance. An electrical force 
exhibits the same proportionalities, with charge as the intrinsic property. 

Differences: The electrical force can either attract or repel, while the gravitational force as 
described by Newton's law can only attract. The electrical force between elementary particles is 
vastly stronger than the gravitational force. 


No. The balloon induces polarization of the molecules in the wall, so that a layer of positive charge 
exists near the balloon. This is just like the situation in Figure 23.5a, except that the signs of the 
charges are reversed. The attraction between these charges and the negative charges on the balloon 
is stronger than the repulsion between the negative charges on the balloon and the negative charges 
in the polarized molecules (because they are farther from the balloon), so that there is a net attractive 
force toward the wall. Ionization processes in the air surrounding the balloon provide ions to which 
excess electrons in the balloon can transfer, reducing the charge on the balloon and eventually 
causing the attractive force to be insufficient to support the weight of the balloon. 


The electric field due to the charged rod induces a charge in the aluminum foil. If the rod is brought 
towards the aluminum from above, the top of the aluminum will have a negative charge induced on 
it, while the parts draping over the pencil can have a positive charge induced on them. These 
positive induced charges on the two parts give rise to a repulsive Coulomb force. If the pencil is a 
good insulator, the net charge on the aluminum can be zero. 


So the electric field created by the test charge does not distort the electric field you are trying to 
measure, by moving the charges that create it. 


With a very high budget, you could send first a proton and then an electron into an evacuated 
region in which the field exists. If the field is gravitational, both particles will experience a force in 
the same direction, while they will experience forces in opposite directions if the field is electric. 

On a more practical scale, stick identical pith balls on each end of a toothpick. Charge one pith 
ball + and the other -, creating a large-scale dipole. Carefully suspend this dipole about its center of 
mass so that it can rotate freely. When suspended in the field in question, the dipole will rotate to 
align itself with an electric field, while it will not for a gravitational field. If the test device does not 
rotate, be sure to insert it into the field in more than one orientation in case it was aligned with the 
electric field when you inserted it on the first trial. 


The student standing on the insulating platform is held at the same electrical potential as the 
generator sphere. Charge will only flow when there is a difference in potential. The student who 
unwisely touches the charged sphere is near zero electrical potential when compared to the charged 
sphere. When the student comes in contact with the sphere, charge will flow from the sphere to him 
or her until they are at the same electrical potential. 


An electric field once established by a positive or negative charge extends in all directions from the 
charge. Thus, it can exist in empty space if that is what surrounds the charge. There is no material at 
point A in Figure 23.23(a), so there is no charge, nor is there a force. There would be a force if a 
charge were present at point A, however. A field does exist at point A. 


If a charge distribution is small compared to the distance of a field point from it, the charge 
distribution can be modeled as a single particle with charge equal to the net charge of the 
distribution. Further, if a charge distribution is spherically symmetric, it will create a field at exterior 
points just as if all of its charge were a point charge at its center. 


Q23.16 


Q23.17 


Q23.18 


Q23.19 
Q23.20 


Q23.21 


Q23.22 


Q23.23 


Q23.24 


Q23.25 


Q23.26 


Q23.27 
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The direction of the electric field is the direction in which a positive test charge would feel a force 
when placed in the field. A charge will not experience two electrical forces at the same time, but the 
vector sum of the two. If electric field lines crossed, then a test charge placed at the point at which 
they cross would feel a force in two directions. Furthermore, the path that the test charge would 
follow if released at the point where the field lines cross would be indeterminate. 


Both figures are drawn correctly. E, and E; are the electric fields separately created by the point 
charges qı and q, in Figure 23.14 or q and -4 in Figure 23.15, respectively. The net electric field is the 
vector sum of E, and E,, shown as E. Figure 23.21 shows only one electric field line at each point 
away from the charge. At the point location of an object modeled as a point charge, the direction of 
the field is undefined, and so is its magnitude. 


The electric forces on the particles have the same magnitude, but are in opposite directions. The 
electron will have a much larger acceleration (by a factor of about 2 000) than the proton, due to its 
much smaller mass. 


The electric field around a point charge approaches infinity as r approaches zero. 
Vertically downward. 


Four times as many electric field lines start at the surface of the larger charge as end at the smaller 
charge. The extra lines extend away from the pair of charges. They may never end, or they may 
terminate on more distant negative charges. Figure 23.24 shows the situation for charges 4-24 and -4. 


Ata point exactly midway between the two changes. 


Linear charge density, 4, is charge per unit length. It is used when trying to determine the electric 
field created by a charged rod. 

Surface charge density, o, is charge per unit area. It is used when determining the electric field 
above a charged sheet or disk. 

Volume charge density, p, is charge per unit volume. It is used when determining the electric 
field due to a uniformly charged sphere made of insulating material. 


Yes, the path would still be parabolic. The electrical force on the electron is in the downward 
direction. This is similar to throwing a ball from the roof of a building horizontally or at some angle 
with the vertical. In both cases, the acceleration due to gravity is downward, giving a parabolic 
trajectory. 


No. Life would be no different if electrons were + charged and protons were — charged. Opposite 
charges would still attract, and like charges would repel. The naming of + and - charge is merely a 
convention. 


If the antenna were not grounded, electric charges in the atmosphere during a storm could place the 
antenna at a high positive or negative potential. The antenna would then place the television set 
inside the house at the high voltage, to make it a shock hazard. The wire to the ground keeps the 
antenna, the television set, and even the air around the antenna at close to zero potential. 


People are all attracted to the Earth. If the force were electrostatic, people would all carry charge 
with the same sign and would repel each other. This repulsion is not observed. When we changed 
the charge on a person, as in the chapter-opener photograph, the person's weight would change 
greatly in magnitude or direction. We could levitate an airplane simply by draining away its electric 
charge. The failure of such experiments gives evidence that the attraction to the Earth is not due to 
electrical forces. 


4 Electric Fields 


Q23.28 In special orientations the force between two dipoles can be zero or a force of repulsion. In general 
each dipole will exert a torque on the other, tending to align its axis with the field created by the first 
dipole. After this alignment, each dipole exerts a force of attraction on the other. 


SOLUTIONS TO PROBLEMS 
Section 23.1 Properties of Electric Charges 


*P23.1 (a) The mass of an average neutral hydrogen atom is 1.007 9u. Losing one electron reduces its 
mass by a negligible amount, to 


1.007 9(1.660 x107 kg)-9.11 x10! kg -[ 167x107 kg |. 


Its charge, due to loss of one electron, is 


0-1(-1.60 x10? C)= 4160x107? C |. 


(b) By similar logic, charge =| +1.60 x10" C 


mass = 22.99(1.66 x 107" kg) 9.1110?! kg - [3.8210 7* kg 


(c) charge of CI- =| -1.60x 107 C 


mass = 35.453(1.66 x 107" kg)+9.11 x10! kg =| 5.89 x 10 7^ kg 


d charge of Ca*^* =-2(-1.60 x10? C)=| 43:20x107? C 
g 


mass = 40.078(1.66 x 10-7 kg) 2(9.11 10 ?* kg) =| 6.65 x 10 7 kg 


(e) charge of N^ =3(-1.60x10™ C)=| -480x10 C 


mass = 14.007(1.66 x 107 kg) +3(9.11 x10! kg) =| 23310 kg 


charge of N** =4(1.60 x107? C)=| +6.40x107? C 
g 


mass = 14.007(1.66 x 107" kg)-4(9.11x10™ kg)=|2.32x10% kg 


(g) We think of a nitrogen nucleus as a seven-times ionized nitrogen atom. 
charge =7(1.60x10-” C)=| 112x10 ^ C 


mass = 14.007(1.66 x10 7" kg)-7(9.11x 10" kg) =| 232x10 75 kg 


(h) | charge =| -1.60x10? C 


mass - [2(1.007 9) + 15.999]1.66 x 107 kg +9.11x 10?! kg =| 2:909 x 107 kg 


P23.2 
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(a) aes 10.0 grams [soo 4192 atoms |e em - 22x10 
107.87 grams/mol mol atom 


100x10? C 


(b) # electrons added = Q _ EIS —6.25 x10” 
e 160x10" C/electron 
or 2.38 electrons for every 10° already present |. 


Section 23.2 Charging Objects by Induction 


Section 23.3 Coulomb’s Law 


P23.3 


*P23.4 


P23.5 


If each person has a mass of ~ 70 kg and is (almost) composed of water, then each person contains 


N= 2 See [soo x 10? molecules) 10 p E 2.3 x 108 protons. 
18 grams/mol mol molecule 


With an excess of 1% electrons over protons, each person has a charge 


q=0.01(1.6 x10"? C)(2.3 x10) = 3.7x107 C. 


(37107) 


T N 24x10? N| ~10% N |. 


So F=k, 112 -(9x10°) 
r 


This force is almost enough to lift a weight equal to that of the Earth: 
Mg = 6x10 kg(9.8 m/s”) =6 x10" N~10% N. 
k.q102 
r? 


The force on one proton is F = away from the other proton. Its magnitude is 


=|57.5N |. 


-19 0)? 
(8.99 x10? LE = c) 


2x10" m 


8.99x 10° N -m?/C?\(160x10 £? CV 

a gh B Icy ) =| 159x10~ N | (repulsion) 
d 2 10 ...\2 

r (3.80 x 107 m) 


Gm,m, (667x107 N-m?/C?)(1.67x107 kg} 
G rn-9—Um. 


5 -[129x10 N 
r (3.80 x10™ m) 


The electric force is | larger by 1.24x 10° times |. 


(c) If k, BR 2G P172. with 91 =92 =q and m, =m, =m, then 
r r 


q [G  |667x10 N:m?/kg? _ 
899x10? N-m?/C? 


8.61x10  C/kg |. 
m k 


e 


5 
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P23.6 We find the equal-magnitude charges on both spheres: 


2 4 
Ray nepi. uy genou. 50 x10 Be ro 
r r k, 8.99x10? N-m?/C 
The number of electron transferred is then 
-3 
—— mun BA S —=6.59x10" electrons. 
1.60x10 P? C/e 
The whole number of electrons in each sphere is 
Mp, da eee (60210? atoms/mol)(47 e~ /atom) = 2.62 x10% e". 
107.87 g/mol 
The fraction transferred is then 
15 
a set s Bex 2 =| 2.51x10~ |=2.51 charges in every billion. 
Ni 2.62 x 10 
8.99 x 10° N -m?/C? 7.00 x10 ^ C){2.00 x 10° C 
P237  R=k BR - ! ic" : | Pon N 
r (0.500 m) 
9 2/02 -6 -6 
-«—: 9 (8.99 x10” N-m?/C?)(7.00x 10° C)(4.00 10° C) - du 
2 e 2 2 i 
r (0.500 m) 
F, = 0.503 cos 60.0°+1.01 cos 60.0° = 0.755 N E 
F, = 0.503 sin 60.0°—-1.01 sin 60.0? = —0.436 N © 7.00 uC 
; ; F. 
F = (0.755 N)i - (0.436 N)j =| 0.872 N at an angle of 330° agli A Dean 
uC Sais NR 
= 4.00 uC 
FIG. P23.7 
2 2 
giga (89910? N-m?/C? (160x107 C) (602x107) 
P238 | F-k,-U2- j =| 514 KN 
[2(6.37x10° m)] 
P23.9 (a) The force is one of | attraction |. The distance r in Coulomb’s law is the distance between 


centers. The magnitude of the force is 


12.0 x 10? CJ(180 x10? C) 


F- Koide = (8.99 x 10° N-m?/c2)( andan? 21216x10? N |. 
r . m 


(b) The net charge of -6.00 x 10? C will be equally split between the two spheres, or 


-3.00 x 10? C on each. The force is one of | repulsion |, and its magnitude is 


(3.00 x 10^? C)(3.00 x10? C) 


p= #2 . (8.99 x 10? N-m?/C?) TEUER. - [899x107 N |. 
T X m 
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P23.10 Let the third bead have charge Q and be located distance x from the left end of the rod. This bead 
will experience a net force given by 


Z ke(30)Q ; | k.(q)Q i. 


F 
x2 (d—x)? 


43 


This gives an equilibrium position of the third bead of x =| 0.634d |. 


The net force will be zero if Pr 


,or d-x= 
y 2 


(d - x) 


The equilibrium is | stable if the third bead has positive charge |. 


ke? Pu bi ce (600 C 
5 =(8.99x10° N-m?/C?) 


P23.11 (a) ps z=] 8.22x10° N 


(0.529 x 10-19 m) 


2 
(b) We have F = from which 
r 


= l 8.22 x10 N(0.529x10-" m) 
A 1B 
m 


6 
911x107 kg =| 2.19x10° m/s |. 


k.qQ 


P23.12 The top charge exerts a force on the negative charge T E 


(£) *x 


which is directed upward and to the 


afd : i 
left, at an angle of tan (2) to the x-axis. The two positive charges together exert force 
x 


2k -x)i d _ -2k 
Z xi a ) yz |=ma or for Mec ue e. 
(+27) (E+) ý 
(a) The acceleration is equal to a negative constant times the excursion from equilibrium, as in 
16k 
a = -@°x , so we have Simple Harmonic Motion with c? = m 1 
m 


o 2 


Ld? 
T LIE C , where m is the mass of the object with charge -Q. 
ef 


(b) Umax = @A =| 4a 


k.qQ 
3 


md 
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Section 23.4 The Electric Field 


P23.13 For equilibrium, F, = -F 


e Ei 
or qE = -mg(-3) ; 
Thus, E-^$j. 
q 

omg; (941x107! kg 9.80 n/s?).. — Iw 

pur cu (-1.60x10~ C) [SEU 
27 2 

B Es mg; _ (167x10 kg)(9.80 m/s TE (162107 vaj 


q (1.60 x10 C) 


P23.14  YF,-0: QEĵ+mg(-j)=0 


QE (240x10 C)(610 N/C) 
EI 5 
g 9.80 m/s? 


1.49 grams 


P23.15 The point is designated in the sketch. The magnitudes of the electric fields, " ic a L 
E, , (due to the -2.50x10% C charge) and E, (due to the 00x10 5C 2F 5 S 
charge) are hou uma 

-— d + 1.00 m— 


9 N. m2 /C2 -6 
pa Z (899x10 N-m z \(2.50x10% C) d 


FIG. P23.15 


"m (8.99 10° N-m?/C?)(6.00 x10% C) " 
D (d +1.00 m)? 


Equate the right sides of (1) and (2) 
to get (d +1.00 m)? = 2.404? 
or d +1.00 m=+1.55d 
which yields d =1.82 m 
or d = —0.392 m. 


The negative value for d is unsatisfactory because that locates a point between the charges where 
both fields are in the same direction. 


Thus, d =| 1.82 m to the left of the — 2.50 wC charge |. 


P23.16 


*P23.17 


P23.18 


P23.19 
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If we treat the concentrations as point charges, 
40.0 C ^ 3 
E, = k, 2. = (899 x 10° N-m?/c2) 09 €) ( 5 = 3.60 10° N/C(-j (downward) 
r (1000 m) 
40.0 C 4 5 
E_=k, += (8.99 10° N aye?) OOS) (3 =3.60x 10° N/C(-j)(downward) 
r (1000 m) 
E-E, +E_=| 7.20x10° N/C downward 
k = 
The first charge creates at the origin field e to the right. TO x-0 4 M 
a SO ae e 
Suppose the total field at the origin is to the right. Then q must 
be negative: FIG. P23.17 
> k 2 z 
Ri -i-i 1-99] 
a (3a) a 
In the alternative, the total field at the origin is to the left: 
kQ A keq A 2k,Q ; = 
ji i+ 5 i) E ( i) q=+27Q |. 
i 8.99 x10? 7.00 x 10 7.00 uC 
(a) | E--4 at | ; jus N/C x dag 
T (0.500) 0.500 m 
2.00 e 
kg (89910? (400x105) ia ud NIMM 
E, == - -144x10? N/C Jc, P^ -400uC 
r (0.500) 1 
E, = E, — E; cos60°=1.44x 10? — 2.52 x 10° cos 60.0°=18.0 x 10° N/C FIG. P23.18 


E, =—E, sin 60.0°= -2.52 x 10? sin 60.0° = -218 x 10° N/C 


E=[18.01-218]] 10° N/C =] [18.04 - 2183] KN/C | 


(b) F = qE=(2.00x 10% C)(18.0i - 218) x 10° N/C =(36.0i-436j) x10? N = | (36.01 — 436) mN | 


9 -9 y 
a  E- Kel (-i)- ep E nid l j)- -(27010? N/C)j : 6.00 nC 
ri (0.100) a Q-x 
k , (899x10?)(66000x10^?), , " E | 
E “tel = l Ls I i) =-(5.99 x10? N/C)i ©-3.00 nC 
E=E,+E, = | -(5.99 x10? N/CJi - (27010? N/C)j FIG. P23.19 


(b) F = qE = (5.00 x10? C)(-599i - 27005) N/C 


^ 


F - (-8.00x10 51-135 x10 5j) N =| (-3.00i-13.5}) 4N 
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P23.20 


P23.21 


P23.22 


P23.23 


P23.24 


(a) 


(b) 


(a) 


(b) 


8.99 x 10° (2.00 x 10° y (0, 0.500 m) 
M X ; ln gy N/C CUP 
r (112) 200 7-7 200 
[ora C: oue 
E, -0 and — E,-2(14400)sin26.6?-129x10* N/C ^ 100m 1.00 m~ 
so E-129x10*j N/C |. FIG. P23.20 


F = gE = (-3.00x10 5 (1.20 x 10*}) =| -3.86 x10 *j N 


k,(2q) + k,(3q) > x k (4g) » 
E Eet f, + Ka f, + kels f- e(24) i+ el i) (i cos 45.0°+j sin 45.0°) + e4); 
ri 2 3 ü 2a a 


keds eo ke 3 k 
E= 3.0623 +5.06 1} =| 5.91777. at 58.8° 
a a a 


k 2 
F =qE=| 5.91 at 58.8° 
a 


The electric field at any point x is 


p. kd keq k,q(4ax) 


(x- 


When x 


(a) 


(b) 


a)? (x-(-a)} ra 


4akeq) | 


x? 


is much, much greater than a, we find E = 


k.Q/n 


One of the charges creates at P a field E= FO at an angle 0to 
+X 


the x-axis as shown. 


When all the charges produce field, for n >1, the components 
perpendicular to the x-axis add to zero. 


k 2 7 
n Qs P k,Qxi 
R^-4x (R? +x?) 


VL 


The total field is 


a2 FIG. P23.23 


A circle of charge corresponds to letting n grow beyond all bounds, but the result does not 
depend on n. Smearing the charge around the circle does not change its amount or its 


distance from the field point, so it | does not change the field |. 


cage hg pes Rara -k,qi 2k ga 
E 2n Je esi i)+... gx e) ud 
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Section 23.5 Electric Field of a Continuous Charge Distribution 


P23.25 


P23.26 


P23.27 


P23.28 


P23.29 


kat k(Qu)t kQ — (899x10*? (220x107) NEIN 
d((-d) d(¢+d) d(@+d) — (0.290)(0.140 + 0.290) p—d--0-— è -J 


1«—36.0 cm — | 


E =| 1.59 x 10° N/C, directed toward the rod. | 


FIG. P23.25 


k,d 
E =Í = , where dq =A dx 


ax 1 
E=k,Ag [E-ra J 
Xo 


oo 


_ k Ao 
Xo 


The direction is — i or left for Ag 70 


Xo 


kxQ — (89x10) 50x10) 674x105 
(2-4)7 (+0100? — (3.00100) 


(a Atx-00100m, ^ E-664x106i N/C=| 6641 MN/C 
(D . Atx-0.0500 m, E=2.41x10’i N/C =| 241i MN/C 
() ^ Atx-0300 m, E -640x1051 N/C =| 6.401 MN/C 


(d) | Atx-100m, E=6.64x10°i N/C =| 0.6644 MN/C 


ie kof > 
| Fa 


Xo 


E= 


ol k,Agxodx(-i o 
E=fdE= | sue i) = -keora de= aai = 


Xo Xo 


2 2 2 ü 
x^-aü^—-3x^-0o0rx-2——. 
V2 


Substituting into the expression for E gives 


E= k Qa = kQ 2 2k,Q Z Q : 
aa 3a? 343a? 6432 e a? 


12 Electric Fields 


P23.30 


P23.31 


P23.32 


x 
E =2a@k,o| 1-———— 
à | yx? " 
E = 22(899 x 10° (7.90 x 10? ) 1 = err 
l | | x? + (0.350)? 4x? +0.123 
(a) At x 0.0500 m, E-3.88x10* N/C=] 383 MN/C 
(D At x=0.100 m, E =3.24x10° N/C =| 324 MN/C 
(c) At x=0.500 m, E-807x107 N/C =| 80.7 MN/C 
(d ^ Atx-200m, E -6.68x10? N/C =| 6.68 MN/C 
(a) From Example 23.9: E- 2 k,o| 1-———— 
Vx? +R? 
o - E. -184x10? C/m? 
aR 
E - (104 10° N/C J(0.900) = 9.36 x 107 N/C =| 93.6 MN/C 
appx: E-Zzk,o =| 104 MN/C (about 11% high) 
(b) ^ E-(L04x10* vefi A Jeo N/C)(0.004 96) =[ 0.516 MN/C 
¥30.07 43.00? cm 
Q 9\5.20x 10° - 
appx: E = k, + = (8.99 x 10* | ——— —— =| 0.519 MN/C (about 0.6% high 
pP d ) "c /C ( gh) 
The electric field at a distance x is E, - 2zk,o|1- s 
L x? +R? 
SENE 1 
This is equivalent to E, = 27 k,0| 1- —————— 
NEN E 
R? R? R? 
For large x, —-««1 and 1+— #1+— 
5 x? x^ 2x? 
1« R^/[2x^ |-1 
so E, 2 2zk,o|1 : VM A ) 


Substitute o = x 
aR 


But for x>>R, 7 T 1 


x +R2/2 x 


, SO E,* 
N^ 


kQ 


for a disk at large distances 


P23.33 


P23.34 
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Due to symmetry E =J, =0,and E, = | dEsino= k JS A á 
where dq = Ads = Ard0 , Jx 
k,A* 2k A 
so that, E,=— [sin aie - — (-cos6) = 
r 
where A= 7 and r- E FIG. P23.33 
1 
2(8.99 x10” N-m?/C*}(7.50x 10° C 
Thus, E. - eum | / i a 
L (0.140 m)? 
Solving, E, =2.16x10’ N/C. 


Since the rod has a negative charge, E = (-2.16 x 10’i) N/C = -21.6i MN/C |. 


(a) We define x=0 at the point where we are to find the field. One ring, with thickness dx, has 
d 
charge em and produces, at the chosen point, a field 
dolut e 
d t R?) h 
The total field is 
d+h $ d+h 
E= ID e i- kl J (x +R?) 2xdx 
all charge d h(x? +R?) 2h x=d 
: " 5 -1/2 d+h ; 
p. ^i (x? +R?) _| ki 1 1 
2h (-1/2) h (aR (arn R2) 
x-d 
F : : ; : Qdx 
(b) Think of the cylinder as a stack of disks, each with thickness dx, charge pa and charge- 


per-area o = iis . One disk produces a field 
zRÍh 
27 k,Qdx x A 
= 2 v2 |! 
aR*h tae R?) 
d+ 
So. BS: fupe | AR 5 
allcharge  x-d Rh ( s R?) 
. $ 1/2 d+h 
+ | dth d+h x? +R? 
E= 2k fei fax 1 J (x? +R?) Ma dx |= 2k i ns 1 ) 
R^h 2 xd R^h 2 1/2 


E= HM a d (aret +R)" (tert) 


E= 


Reh 


2k,Qi is (a? + RT = (a + h)? + g^ 
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P23.35 


P23.36 


P23.37 


(a) 


(b) 


(a) 


(b) 


(c) 


(a) 


(b) 


The electric field at point P due to each element of length dx, is dEN 
kd P 
dE =—* 1 z and is directed along the line joining the element to {I 
X EY AON 
: / \ 
point P. By symmetry, X og N 
ES Jak, =0 and since dq = Adx , x \ 
/ \ 
E-E,-|dE,-|dEcos0 where cos@= 4. O dx 
y y x? " 2 2 ——" 
Y y 
1 i FIG. P23.35 
Therefore, E=2k,Ay J iE 327 E 
0 (x? + y) y 
EN 2k.A 
For a bar of infinite length, 9g — 90? and E 
y 


The whole surface area of the cylinder is A = 2zr? +2rL - 2zr(r +L). 


Q = cA - (150x10? C/m?J22(0.025 0 m)[0.025 0 m 0.0600 m]-| 00x10" C 


For the curved lateral surface only, A= 2zrL . 


Q= cA - (150x10? C/m?)[2(0.025 0 m)(0.060 0 m)]- | 14110" C 


Q= pV = pa r?L - (500 x 10? C/m? «(0.025 0 m)? (0.060 0 m) -[589x1071 C 


Every object has the same volume, V = 8(0.030 0 m)? =2.16x10~* m°. 


For each, Q = pV - (40x10? C/m?)(2.16x10* m°) = 


We must count the 9.00 cm? squares painted with charge: 


(i) 6 x 4= 24 squares 


Q-cA - (150x10? C/m?)24.0(9.00x10~* m?)- 


32410 "(C 


(ii) 34 squares exposed 
Q-cA - (150x10? C/m?)34.0(9.00 x 10* m?) = 


(iii) 34 squares 
Q= cA -(150x10? C/m?)34.0(9.00 x 10* m?) = 


(iv) 32 squares 


459 x10? C 


459 x10? C 


Q-cA - (150x10? C/m?)32.0(9.00x10~* m?)- 


432x10 "9 C 


(i) total edge length: / = 24x (0.0300 m) 


Q = Al = (800x107 C/m)24x (0.030 0 m) =| 5.76 x10" C 
(ii) Q = Al -(800x10 7 C/m)44 x (0.030 0 m) =| 1.06 x10™ C 


continued on next page 


Section 23.6 


mox utr m Nul ge 


P23.38 


P23.40 


P23.41 


(a) 


(b) 


(a) 


(b) 


Gii) ^— Q-4^- (800x107 C/m)64x (0.0300 m) =| 154x10 ^ C 


(v) | Q-At- (800x107 C/m)40 x (0.030 0 m) =| 0.960 x10 C 


++ + + + 7—> 5 
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Electric Field Lines 


COT TSS 


FIG. P23.38 
FIG. P23.39 
Histo cu 
qz 18 3 


qı is negative, q, is positive 


The electric field has the general appearance shown. It is zero M / 
at the center |, where (by symmetry) one can see that the three NS. PF 


15 


— 


charges individually produce fields that cancel out. N (— 
In addition to the center of the triangle, the electric field lines in the \ f 


Pam og 


second figure to the right indicate three other points near the 
middle of each leg of the triangle where E=0, but they are more 
difficult to find mathematically. 


) 
You may need to review vector addition in Chapter Three. The ahs 
electric field at point P can be found by adding the electric field 
vectors due to each of the two lower point charges: E = E, +E,. @ D 


The electric field from a point charge is E =k, Ti ; 
r 


Eon Fi 
: : . " ONU 
As shown in the solution figure at right, SA 
ay Ma 
E, =k, i to the right and upward at 60° , an m T 
ý Pa Le) 


E, =k, -- to the left and upward at 60° 
P FIG. P23.41 


A A 


E=E,+E, =k, S ose i + sin60°j) + (—cos60°i + sin60° j)|= k, -Z |2sin60" i) 
a a 


1.73k,—j 
a 
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Section 23.7 | Motion of Charged Particles in a Uniform Electric Field 


E 
P2342  F-qE-ma a-2— 
m 

qEt 

Uy —U; t üt SE 


(1.602 x 1079 520)(48.0 x 10°) 


electron: ü= oS =| 4.39x10° m/s 
. x 


in a direction opposite to the field 


(1.602 x 107? (520)(48.0 x 10?) 
proton: v= 9 =| 2.39x 10° m/s 
1.67 x 10 


in the same direction as the field 


1.602 x 107"? (64 
P2343 (a) ga = 102x108) rc X107 ms? 
m 1.67 x107 
(b) v, - 0; +at 1.20 x 10° - (6:14 10r t=|1.95x10~ s 
1 1 6 -5 
(c) x; xi o (vi v;)t x; -z (12010 J195x10?)- [117m 


(d K= ne - B x10 7 kg)(1.20 x 10* m/s) =|1.20x107% J 


, gE (160210 "(6.00 x 10?) 
J-E- 


m (67x107) —— 5.76x10° m/s so a=| -5.76x10®î m/s? | 


P23.44 (a) 


(b) o, = v; + 2a(x; - xi) 


0 =v? + 2(-576x 10? (0.070 0) | v; 2 284 x 1051 m/s | 
(c) v; =0; +at 
0=2.84x10° +(-5.76 x 105) t=| 4.93 x10 s 


P23.45 The required electric field will be | in the direction of motion |. 


Work done = AK 
SO, -Fd = -2mo (since the final velocity =0) 


which becomes | eEd - K 


K 
ed | 


and E= 


P23.46 


P23.47 


*P23.48 
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The acceleration is given by 
v7 =0; + 2a(x ; — xi) Or v? =0+2a(-h). 
Solvi Zi 
in =-—, 
olving E 
A mv?j 
Now $ F=ma: -mgj+qE=- = 
Theref palus 
erefore =| -—+ mg |j. 
q 2h & \J 
(a) Gravity alone would give the bead downward impact velocity 


[29.80 m/s?)(5.00 m) =9.90 m/s. 


To change this to 21.0 m/s down, a | downward | electric field must exert a downward 


electric force. 


2 -3 2 2 
m| UF 1.00 x10? kg f N.s? | (21.0 m/s) : 
b - -g|- 9.80 m/s? |- | 3.43 uC 
(a) zs MUI ea tied = ens 
v. 450x10 
E (1.602 x 107'?)(9.60 x 10? 
b) a,=4 _| I = gait m/s? 
m (167 x 1077) 
1 a. zd 1 -7\2 _ = ND 
y; - yi o tutta y; = 5 (9.21 x10 (111x107 )° =5.68x 10% m=[5.68 mm 
(c) v, =| 450x105 m/s vyp = vy + ayt (9.21 10 (111x107) | 1.02x10° m/s 
The particle feels a constant force: F-qE-(1 x10% cj 000 N/CJ(-j) - 210? N(-j) 


= , 2 NP 
and moves with acceleration: a- a = e à x: 7 E I ) = (1 x 1018 ns? -j). 


Its x-component of velocity is constant at (1.00 x 10? m/ s) cos 37°=7.99 x 10* m/s. Thus it moves in a 


parabola opening downward. The maximum height it attains above the bottom plate is described by 
2 
v% =v% + 2a (y - yi): 0=(6.02x10* m/s) -(2x10? m/s?J(y, -0) 


y; -181x10 * m. 


continued on next page 
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P23.49 


Since this is less than 10 mm, the particle does not strike the top plate, but moves in a symmetric 
parabola and strikes the bottom plate after a time given by 


1 
yj - yit vu ez 0-0: (602x10* m/s) (-1«10P. m/s?) 
since t» 0, t-120x10? s. 
The particle's range is xg =X, +0,t=0+ (7.99 x 10^ m/s)(1.20 x10? s) -9.61 x 10 * m. 
In sum, 


The particle strikes the negative plate after moving in a parabola with a height of 0.181 mm 
and a width of 0.961 mm. 


; P 
v; 29.55 x10? m/s E = (720) N/C 


eE (160 x107 (720) mosa 
=== = 6.90 x 10 
") "m (167x107) : ane 


3 v? sin 20 


Additional Problems 


*P23.50 


R P =1.27 x10? m so that FIG. P23.49 
y 
3M. 
(9.55 x 10°) sin 20 
a = 1.27 x10? 
6.90 x 10 
sin 20 = 0.961 0 =| 36.9° 90.0?-8 = | 53.1? 
R R 
(b) {== If 0-36.9?, t =| 167 ns |. If 0 =53.1°, t=| 221 ns |. 
Vix 0; COSO 
The two given charges exert equal-size forces of attraction on each g t= 0 15 cm 
other. If a third charge, positive or negative, were placed between —( )— —(2)— ——(43— x 
them they could not be in equilibrium. If the third charge were at a q -12 uC 45 uC 
point x>15 cm, it would exert a stronger force on the 45 wC than 
on the -12 wC, and could not produce equilibrium for both. Thus FIG. P23.50 
the third charge must be at x - -d <0 . Its equilibrium requires 
kq(12uC) k,q(45 uC) (5 mri) E Ur 
d? (15 cmd)? d 12 7 
15 cm & d 2 1.94d d —16.0 cm. 


The third charge is at | x = -16.0 cm |. The equilibrium of the -12 uC requires 


k.q(12 4C) k,(45 wC)12 uC 
A2 u 2s (45 u Je 1-813 nC. 
(16.0 cm) (15 cm) 


All six individual forces are now equal in magnitude, so we have equilibrium as required, and this is 
the only solution. 


P23.51 


P23.52 


The proton moves with acceleration ls, 


while the e has acceleration 


(a) 


(b) 


(a) 


(b) 


gE (160x107? C)(640 N/C) 
m 1.673x10 7 kg 
(1.60x1077* CJ(640 N/C) 

9.110 x 10?! kg 


lae|= 


Chapter 23 


=6.13x10" m/s? 


=112x10"* m/s? =1836a,. 


We want to find the distance traveled by the proton (i.e., d — La ), knowing: 


Thus, 


The distance from the positive plate to where the meeting occurs equals the distance the 


sodium ion travels (i.e., dya 


4.00 cm=—ayat” * —agt: 
2, «Na ja 


4.00 cm = I Pera =1897( 5 a 
au ar 


"m 


2 4.00 cm _ 


2 


P 


1837 


This may be written as 


so 


The field, E,, due to the 4.00x10~ C charge is in the x -4.00 


direction. 


"EZAN 


899x10* N-m?/C?}(-4.00 x10? C) 


218 um |. 


= Zant’). This is found from: 


4.00 cm = Al eB y + Al 2 yp 
2 22.99 u 2 (35.45 u 


4.00 cm = Zanat + (0.6490, )!? =1.65 
_ 4.00 cm _ 
1.65 


2.43 cm |. 


2 
dna z 2 Anat 


-5 


-5.751 N/C 
Likewise, E, and E,, due to the 5.00x 10? C charge and the 3.00x 10? C charge are 


i 


(2.50 m)? 


1 
(os) 


y 
5.00 3.00 
nC nC E E 


e 


Oo-— 


E 
| 0.500, | |.0.800, | 1.20, | 3 
m m m 


FIG. P23.52(a) 


8.99x10? N-m?/C? [5.00x10? C), n 
e, - As. fl a ani I a laudes 
r (2.00 m) 
(8.9910? N-m?/C? (3.00x10? C). A 
3= ; 1-187 N/C i 
(1.20 m) 


Ep =E} +E, +E, = 


E, - Ej, + E, =—4.21i N/C 


Er 


2 


ed 
2 


eld 
2 


9.42 N/C 


24.2 N/C | in +x direction. 


l= = (-846 N/C)(0.2431 0.970) 
£- (112 N/C)(+j) 


£- (5.81 N/C)(-0.371i  0.928j) 


0- 


63.4? above — x axis 


FIG. P23.52(b) 
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*P23.53 


P23.54 


P23.55 


(a) Each ion moves in a quarter circle. The electric force causes the centripetal acceleration. 
2 2 
>. F=ma gE= a E= mo 
R gk 
(b) For the x-motion, v a -v2 + 2a,(x je x) 
2 
E 
0- v? 4 2,R pes Pee: 
2R m m 


2 
s ae Similarly for the y-motion, 
2qR 


2 gE 2 
o? =0+2a,R a LP pose 
" 2R m "^ 2qR 


The magnitude of the field is 


E2 + s =| at 135° counterclockwise from the x-axis |. 
J2qR 
From the free-body diagram shown, 
XE SO: T cos15.0°=1.96x107 N. a 
™ 
So T =2.03x107N. Or" 
From $F,-0,wehave | qE-Tsin15.0* | 
F, = 0.0196 N 
in15.0° (2-03 x10 N)sin15.0° à 
or psum. | : ) =5.25x10% C=] 5.25 uC |. 
E 1.00 x 10° N/C FIG. P23.54 
(a) Let us sum force components to find / 
E 
DF, 2 qE, - Tsin8 - 0, and YF, - qE, « Tcosó—mg -0. X/ gE 
/ TX / 
Combining these two equations, we get r (T) 
1.00 x 10? (9.80) |: 
re ) ==1.09x10* C 
(E, cotÓ + E,) (3.00 cot 37.0°+5.00) x 10 Free Body Diagram 
= eee Be FIG. P23.55 


(b) From the two equations for X, F, and »,F, we also find 


qEx 


T-—L— —-544x10? N-[544mN |. 
sin 37.0? 


P23.56 


P23.57 
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This is the general version of the preceding problem. The known quantities are A, B, m, g, and @ The 
unknowns are q and T. 


The approach to this problem should be the same as for the last problem, but without 
numbers to substitute for the variables. Likewise, we can use the free body diagram given in the 
solution to problem 55. 


Again, Newton's second law: YE, --Tsin6* qA-0 (1) 
and DF, = 4T cos qB- mg =0 (2) 
A A cos 0 
(a) Substituting T = Ron , into Eq. (2), 4 sue +qB=mg. 
sina sind 
Isolating q on the left, q- GRAUIS f 
Jud : . mgA 
(b) Substituting this value into Eq. (1), T= - : 
(A cos 0 4 Bsin 0) 


If we had solved this general problem first, we would only need to substitute the 
appropriate values in the equations for q and T to find the numerical results needed for 
problem 55. If you find this problem more difficult than problem 55, the little list at the first 
step is useful. It shows what symbols to think of as known data, and what to consider 
unknown. The list is a guide for deciding what to solve for in the analysis step, and for 
recognizing when we have an answer. 


k.q1q 15.0 S 600cm 
F=, tan 0 = —— © © 
r2 a 60.0 10.0 uC 10.0 uC 
0 — 14.09 15.0 cm 
5 $ 
2 3 
8.99 x 10? (10.0 x 10 a o 
(0.150) 
Fret E 
2 1 
(8.99 x 10°)(10.0 x 105) 
F = = 2.50 N 
: (0.600)? FIG. P23.57 
2 
(8.99 x 10° )(10.0 x 105) 
F, = =2.35N 


(0.619)? 
F, =—F; — F, cos 14.0° = -2.50 - 235 cos 14.0? = -4.78 N 
F, =—F, - F, sin140?- —40.0 — 2.35 sin 14.0°= —40.6 N 


y 
Fret = F2 + Fy = 4(478) + (40.6)? =] 409 N 
E. px 
tang= DA 740.6 
F, -478 


à - | 263° 
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P23.58 From Figure A: dcos30.0°= 15.0 cm, 
15.0 cm 
or = 
cos 30.0° 
From Figure B: 0- sin 
50.0 cm 
Gaga OE Lunas 
50.0 cm(cos 30.0°) : 
Figure A 
F 
——=tand 
ms 
or E, = mg tan 20.3 (1) T 
From Figure C: F, = 2F cos 30.0° 
FCD 3 
2 
= 2| — t1 |cos30.0* Q) [en 
(0.300 m) i 
Combining equations (1) and (2), Mente B 
k 2 
EE cos 30.0° = mg tan 20.3° 
(0.300 m) 
2 _ mg(0.300 m)" tan 20.3° 
2k, cos 30.0° 
(2.00 «10? kg)(9.80 m/s? (0.300 m)? tan 20.3° 
q = 
2(8.99 x10? N-m?/C?)cos30.0° Figure C 
q=V4.20 x107 C? =2.05 x10” C - [0.205 uC FIG. P23.58 
k,(Q/2)(Q/2 
P23.59 Charge Q resides on each block, which repel as point charges: F= -> ) =k(L-L;). 
e k(L-L;) 
Solving for Q, Q=| 2L Tu. p 
€ 
*P23.60 If we place one more charge q at the 29th vertex, the total force on the central charge will add up to 
zero: Fog charges + ut away from vertex 29 =0 Fog charges = Kea toward vertex 29 |. 
a a 
P23.61 According to the result of Example 23.7, the left-hand rod creates y 
this field at a distance d from its right-hand end: — bp —— 
k Q E] 
E = —— -a | a b-a b+a 
d(2a+d) 
apa keQQ dx FIG. P23.61 
2a d(d+2a) 
ae ^ dx «e'( is mats) 
28 ġo ¥(x+2a) 2a 2a x Joza 
2 2 2 2 2 
pa tke ( 1 2a+b ou b E In b x KO In E : 
4a b b-2a 4a (b — 2a)(b + 2a) 4a b^ —4a 


P23.62 


P23.63 


P23.64 
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At equilibrium, the distance between the charges is r = 2(0.100 m) sin10.0°= 3.47 x 10? m 


Now consider the forces on the sphere with charge +q , and use 2 =0: 


mg 
F, =0: T cos10.0°= me , or T = ———— 1 
m : cos 10.0? a) 
XF, =0: Faa = Fy - F, =T sin10.0° (2) 
Fact is the net electrical force on the charged sphere. Eliminate T from (2) by use of (1). 
in 10.0? 
Bc TE = mg tan10.0*- (2.00 10? kg (9.80 m/s?) tan 10.0°= 3.46 10? N is 


Fie is the resultant of two forces, F, and F,. F is the attractive force on +q exerted FIG. P23.62 
by -4,and F, is the force exerted on +q by the external electric field. 


T odi -E-H or F, = Foe + Fy 


(5.0010? C)(5.00 x 10° C) TEN 


F, -(899 10? N-m?/C?) ; 
(3.47 x10? m) 

Thus, F, = Fae +F; yields F, 23.46x10? N +1.87 x10° N-221x10? N 

F, 221x10 N 

q  500x10?C 


and F, =qE,or E= = 4.43 x 10° N/C =| 43 kN/C |. 


90.0° r y 
Q=fAde= fA cosdRd0 - 2oRsin G5. e = AoR[1-(-1)]= 220R 
-90.0° I |8 
Q-120 uC -(245)(0.600) m=12.0 4C so Ay =10.0 uC/m "di Rya 
1 ((8.00 wC)( Ade) 1 { (8.00 uC)(A, cos? éRd0) 
dF cos 0= j cosÓ 
" Ame R? An € R 

90.0* 3.00 x10% C\(10.0 x10% C/m 1 
Le J (8.99 x 10° N-m?/c2)( I / ho. 010 E 

-90.0* (0.600 m) 0° 360° 


z/2 
F EON NIS N) j [5+ 50820 uo 1 


1/2 0° 360° 


=| 0.707 N | Downward. 
FIG. P23.63 


Since the leftward and rightward forces due to the two halves of the semicircle cancel out, F, =0. 


F, = (0.450 N) lg.lunag 
f 2 4 -7/2 


At an equilibrium position, the net force on the charge Q is zero. The equilibrium position can be 
located by determining the angle 0 corresponding to equilibrium. 


In terms of lengths s, Qus ,and r, shown in Figure P23.64, the charge at the origin exerts an 


attractive force 


keQq 
(s+4av3) 


continued on next page 
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k 
The other two charges exert equal repulsive forces of magnitude Ka . The horizontal components 
f 


of the two repulsive forces add, balancing the attractive force, 


2cos@ 1 
E et k,Oq 2 2 =0 
F (s t la43 ) 

: la 1 

From Figure P23.64 r=— s=—acotdé 
sin ð 
cM DNE: . 4 . 2 1 
The equilibrium condition, in terms of Ø, is Fret =| — Kk,Qq 2cos Osin? 0 z|=0. 
a (v3 +cot 6) 
2 

Thus the equilibrium value of 0 satisfies 2.cos sin? V3 +cot 6) =1. 


One method for solving for @is to tabulate the left side. To three significant figures a value of 0 
corresponding to equilibrium is 81.7°. 


The distance from the vertical side of the triangle to the equilibrium position is 


s=Żacot817°= 0.072 9a |. 


2 
| ww 0  2cos@sin” V3 +cot 6) 
a r o 
A P 5 ane : 60 4 
ji dai 70° 2.654 
2 80° 1.226 
av3 
< 2 tq 90° 0 
FIG. P23.64 ya s 
i 81.5° 1.024 
81.7° 0.997 


A second zero-field point is on the negative side of the x-axis, where 0— —9.16? and s= —3.10a . 


P23.65 (a) From the 2Q charge we have F, - T; sin0; 20 and mg -T, cos0, =0. M 
Combining these we find PL LEM tan6,. 
mg  T5cos0, I h 


From the Q charge we have F, =T, sin@, =0 and mg - Tj cos0, =0. 


i © 
Te SAT SEN, Sin -tan6, or 05 =0; r2 


Combining these we find 


mg  Tjcos6, 
FIG. P23.65 


k 2 2k, Q? 
D p52 240 


2 
If we assume ĝis small then tan~ = 
Substitute expressions for F, and tan@ into either equation found in part (a) and solve for r. 
13 
2k,Q? ( 1 4k,Q20)" 
r? (mg mg i 


F 
—t- =tan@ then 


~— and solving for r we find r = 
mg 24 


P23.66 


P23.67 


(a) 


(b) 


(a) 


(b) 
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The distance from each corner to the center of the square is 


ORE 


The distance from each positive charge to —Q is then i 
12 
ze + = Each positive charge exerts a force directed FIG. P23.66 
Em ee oe > . k,Qq 
g the line joining q and -Q, of magnitude HL UON 
z d^ 
The line of force makes an angle with the z-axis whose cosine is — 
2 T2 
z^ «I^. 
The four charges together exert forces whose x and y components add to zero, while the 
4k ^ 
z-components add to F- QE 3 k 
(2? +1?/2) 


For z>>L, the magnitude of this force is F, 


4k,Qqz — (40) "kQg]| | 

a Ae 73 z=ma, 
(£2) 

Therefore, the object's vertical acceleration is of the form | a, = -e?z 


42) k,Qq  k,Qq V128 
mL mI? l 


with o? = 


Since the acceleration of the object is always oppositely directed to its excursion from 
equilibrium and in magnitude proportional to it, the object will execute simple harmonic 
motion with a period given by 


2a 2z |m a |m 
pec TENK = TE : 
o (128) eQq | (8) eQq 
gE 


The total non-contact force on the cork ball is: F = qE + mg = nf gt £) ; 
m 


which is constant and directed downward. Therefore, it behaves like a simple pendulum in 
the presence of a modified uniform gravitational field with a period given by: 


| 0.500 m 
- 2m =2n 
g *qE/m | 9,80 m/s? +|(2.0010-° C)(1.00x10* N/C)/1.00 x10 kg] 


=| 0.307 s 


. Without gravity in part (a), we get T = 27 L 
\qE/m 


Taie 0.500 m 
(2.00 x10% C}(1.00x10° N/C) /1.00 10? kg 


Ye 


un 


— 0.314 s (a 2.28% difference). 
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P23.68 


P23.69 


P23.70 


The bowl exerts a normal force on each bead, directed along the ras 
radius line or at 60.0° above the horizontal. Consider the free-body j 3 
diagram of the bead on the left: 


XF, =nsin60.0°-mg =0, 
poe a) 

sin 60.0° 
Also, YF, =-F, +ncos60.0°=0, 


or 


k g2 
or A =ncos60.0°= — e = "3, 
R tan60.0° 3 


12 
ms 
Thus, =| R| —— 
E | 


(a) There are 7 terms which contribute: 


3 are s away (along sides) 


3 are 42s away (face diagonals) and sind= -cosÓ 


s|- 


lis 43s away (body diagonal) and sing = 5 : 


FIG. P23.69 


The component in each direction is the same by symmetry. 


c 2 i itis E M MS 
F-——l1-« + i+j+k)=| ——(190)[i- j+k 
ues taste cc EIE 


k 2 
(b) -F=,/F2 +F? +E? = | 3.29 E away from the origin 


(a) Zero contribution from the same face due to symmetry, opposite d 
face contributes 


2 2 
(Eso) where Z0 (5) +s? =V15s=1.22s a 
r 
sing=2 E E ul gn a 
T S 


r? (122° 3? 


FIG. P23.70 


(b) The direction is the k direction. 
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P23.71 The field on the axis of the ring is calculated in Example 23.8, Esk, = ^ 2 " 
x^-ü 


x 


The force experienced by a charge -q placed along the axis of the ring is F--Kk,Qq > is RET 
x’ +a 
k 
and when x <<a, this becomes F= (RR 
a 


This expression for the force is in the form of Hooke's law, with an 


effective spring constant of 


Since o 2 27 f = [Ewe have 
m 


k dq —x4+0.150 mj | keA{-xi +0.150 mj)dx 


P2372  dE-— ; 3 
x? +(0.150 m)“ | Jx? +(0.150 m)? ] [x2 «(0.150 m)? 


0.400 m (—xi + 0.150 mj dx 


E= [dE=k,a ; NOE 
all charge x=0 [x + (0.150 m) l 
FIG. P23.72 
. 0.400 m E 0.400 m 
À 1 ; 
E-k +i (0.150 m)jx 


e + 
x? +(0.150 m)? ; (0.150 m)^ /x? + (0.150 m)? t 


E=(8.99x10° N-m?/C?)(35.0x10° C/m)fi(2.34 - 6.67) m^! + (6.24 - 0) m 


E- (-136i +1.96}) «10? N/C =| (-136i 1.96) kN/C 


P23.73 The electrostatic forces exerted on the two charges result in a net torque = 
t =-—2Fasin 0 = -2Eqasin 0 . —-E 
© 
For small 0, sin@ ~ 0 and using p = 2ga , we have T=-Epð. — j0 
4^0 mu. 
The torque produces an angular acceleration given by ct=Ia=I P TEST 
W d’0 (Ep F 
Combining these two expressions for torque, we have PAT 0=0. IG. P23.73 
2 
E 
This equation can be written in the form £ --0?0 where o? = T 


This is the same form as Equation 15.5 and the frequency of oscillation is found by comparison with 


|pE [2qaE 
Equation 15.11, or f= A Hen 
An VI 2r V I 
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ANSWERS TO EVEN PROBLEMS 


P23.2 


P23.4 


P23.6 


P23.8 


P23.10 


P23.12 


P23.14 


P23.16 


P23.18 


P23.20 


P23.22 


P23.24 


P23.26 


P23.28 


P23.30 


P23.32 


P23.34 


(a) 2.62 x10% ; (b) 2.38 electrons for every 
10° present 


575N 
2.51x 10? 
514 kN 


x =0.634d . The equilibrium is stable if the 
third bead has positive charge. 


3 
(a) period = 2 US where m is the mass 
el] 


k 
ofthe object with charge —Q; (b) 4a x 
m 


1.49 g 

720 kKN/C down 

(a) [18.01 E 218)] kN/C; 

(b) (36.01 - 436) mN 

(a) 12.9j kN/C ; (b) -38.6j mN 
see the solution 


z?^k,q 


E i 
6a? 


k Ag 3 
EXE 


E 
zr 


(a) 383 MN/C away; (b) 324 MN/C away; 
(c) 80.7 MN/C away; (d) 6.68 MN/C away 


see the solution 


(a) «oi (e + ey - (a +h)? + gr } 


h 


p) 250 LC +R?) - (qa? «m^ 


R?h 


P23.36 


P23.38 


P23.40 


P23.42 


P23.44 


P23.46 


P23.48 


P23.50 


P23.52 


P23.54 


P23.56 


P23.58 


P23.60 


P23.62 


P23.64 


P23.66 


P23.68 


P23.70 


P23.72 


(a) 200 pC; (b) 141 pC; (c) 58.9 pC 
see the solution 

1 . : ; m 
(a) 73 ; (D) qı is negative and q, is positive 
electron: 4.39 Mm/s; proton: 2.39 km/s 
(a) -57.6i Tm/s? ; (b) 2.841 Mm/s; (c) 49.3 ns 
(a) down; (b) 3.43 uC 
The particle strikes the negative plate after 
moving in a parabola 0.181 mm high and 
0.961 mm. 


Possible only with +51.3 uC at 
x = —16.0 cm 


(a) 24.2 N/C at 0*; (b) 9.42 N/C at 117? 


5.25 uC 

m mgA 
(à) —3 — ; (b) or 

Acot0+B Acos@+Bsin@ 
0.205 uC 
k 
Kap toward the 29th vertex 
ü 
443 i kN/C 
0.072 9a 
3 
see the solution; the period is — mi 
8'^ \k.Qq 


1/2 
mg 
R —$- 
E | 
(a) see the solution; (b) k 


(-136i 1.96) kN/C 


Gauss’s Law 


CHAPTER OUTLINE ANSWERS TO QUESTIONS 


24.1 Electric Flux 
24.2 Gauss’s Law 
24.3 Application of Gauss’s Law 


Q24.1 The luminous flux on a given area is less when the sun is low in 
to Various Charge the sky, because the angle between the rays of the sun and the 
Distributions local area vector, dA, is greater than zero. The cosine of this 
Conductors in Electrostatic angle is reduced. The decreased flux results, on the average, in 


Equilibrium — colder weather. 
Formal Derivation of 


Gauss's Law 

Q24.2 If the region is just a point, line, or plane, no. Consider two 
protons in otherwise empty space. The electric field is zero at 
the midpoint of the line joining the protons. If the field-free 
region is three-dimensional, then it can contain no charges, but 
it might be surrounded by electric charge. Consider the interior 
of a metal sphere carrying static charge. 


Q24.3 The surface must enclose a positive total charge. 


Q24.4 The net flux through any gaussian surface is zero. We can argue it two ways. Any surface contains 
zero charge so Gauss’s law says the total flux is zero. The field is uniform, so the field lines entering 
one side of the closed surface come out the other side and the net flux is zero. 


Q24.5 Gauss's law cannot tell the different values of the electric field at different points on the surface. 
When E is an unknown number, then we can say J Ecos OWA = Ef cos AA. When E(x, Y, z) is an 


unknown function, then there is no such simplification. 


Q24.6 The electric flux through a sphere around a point charge is independent of the size of the sphere. A 
sphere of larger radius has a larger area, but a smaller field at its surface, so that the product of field 
strength and area is independent of radius. If the surface is not spherical, some parts are closer to the 
charge than others. In this case as well, smaller projected areas go with stronger fields, so that the 
net flux is unaffected. 


Q24.7 Faraday’s visualization of electric field lines lends insight to this question. Consider a section of a 
vertical sheet carrying charge +1 coulomb. It has E field lines pointing out from it horizontally to 
€o 
the right and left, all uniformly spaced. The lines have the same uniform spacing close to the sheet 
and far away, showing that the field has the same value at all distances. 
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Q24.8 


Q24.9 


Q24.10 


Q24.11 


Q24.12 


Q24.13 


Consider any point, zone, or object where electric field lines begin. Surround it with a close-fitting 
gaussian surface. The lines will go outward through the surface to constitute positive net flux. Then 
Gauss's law asserts that positive net charge must be inside the surface: it is where the lines begin. 
Similarly, any place where electric field lines end must be just inside a gaussian surface passing net 
negative flux, and must be a negative charge. 


Inject some charge at arbitrary places within a conducting object. Every bit of the charge repels 
every other bit, so each bit runs away as far as it can, stopping only when it reaches the outer surface 
of the conductor. 


If the person is uncharged, the electric field inside the sphere is zero. The interior wall of the shell 
carries no charge. The person is not harmed by touching this wall. If the person carries a (small) 
charge q, the electric field inside the sphere is no longer zero. Charge -4 is induced on the inner wall 
of the sphere. The person will get a (small) shock when touching the sphere, as all the charge on his 
body jumps to the metal. 


The electric fields outside are identical. The electric fields inside are very different. We have E- 0 
everywhere inside the conducting sphere while E decreases gradually as you go below the surface of 
the sphere with uniform volume charge density. 


There is zero force. The huge charged sheet creates a uniform field. The field can polarize the 
neutral sheet, creating in effect a film of opposite charge on the near face and a film with an equal 
amount of like charge on the far face of the neutral sheet. Since the field is uniform, the films of 
charge feel equal-magnitude forces of attraction and repulsion to the charged sheet. The forces add 
to zero. 


Gauss's law predicts, as described in section 24.4, that excess charge on a conductor will reside on 
the surface of the conductor. If a car is left charged by a lightning strike, then that charge will remain 
on the outside of the car, not harming the occupants. It turns out that during the lightning strike, the 
current also remains on the outside of the conductor. Note that it is not necessarily safe to be in a 
fiberglass car or a convertible during a thunderstorm. 


SOLUTIONS TO PROBLEMS 


Section 24.1 Electric Flux 


P241 


P24.2 


P24.3 


(a) ®, = EAcos 0 = (3.50 x 10° )(0.350 x 0.700) cos0°=| 858 N-m?/C 


(b) 0 = 90.0? ®,=0 


(c) o, = (3.50 x 10° (0.350 x 0.700) cos 40.0°=| 657 N-m?/C 


o, = EAcos0 =(2.00x 104 N/C}(18.0 m*)cos10.0°=| 355 kN-m?/C 


©, = EAcos A = zr? = z(0.200) 20126 m? 


5.20 x 10° = E(0.126)cos0? ^ E=4.14x 10° N/C -| 414 MN/C 


P24.4 


P24.5 


P24.6 


P24.7 


P24.8 
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(a) A' = (10.0 cm)(30.0 cm) "i 
A’ 2300 cm? = 0.0300 m? oo 
D, 4 =EA'cosé 


Dg, a = (7.80 x 10")(0.030 0) cos 180° 1005 


Dr, 4 =| -2.34 kN-m?/C | A 


FIG. P24.4 


(b) Oz, 4 = EA cos 0 = (7.80 x 10* (A) cos60.0* 


10.0 cm 
cos 60.0? 


o, 4 - (7.80 x 10*)(0.060 0)cos60.0°=| +2.34 KN m? /C 


A - (80.0 cm)(w) = (30.0 zl = 600 cm? =0.060 0 m? 


(c) The bottom and the two triangular sides all lie parallel to E, so X; =0 for each of these. Thus, 


D; total 7 7234 KN-m?/C +2.34 kKN-m?/C+0+0+0=] 0]. 


(a) Dr - E-A - (ai bj) Ai - | aA 


(b) &, - (ai 5j). Aj=[bA 


^ 


(c) Pr - (ai bj -Ak -[ 0 


Only the charge inside radius R contributes to the total flux. 


q 


€ 


or 


®, =EAcos@ through the base | 


o; = (52.0)(36.0)cos180°= -1.87 KN-m?/C. 6.00 z 600m 


Note the same number of electric field lines go through the base as go through the 
pyramid’s surface (not counting the base). 


For the slanting surfaces, | 6; = +1.87 kN. m? /C f 


The flux entering the closed surface equals the flux exiting the surface. The flux entering the left side 
of the cone is ®; = fE -dA =| ERR |. This is the same as the flux that exits the right side of the cone. 


Note that for a uniform field only the cross sectional area matters, not shape. 
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Section 24.2 Gauss’s Law 


P24.9 


P24.10 


P24.11 


P24.12 


P24.13 


P24.14 


Jin (+5.00 uC -9.00 uC + 27.0 uC -84.0 uC) 


(a) bp =-= = 6.89 x 10° N-m?/C? 


€ 885x107? C?/N-m? 
©; =| -6.89 MN-m?/C 


(b) Since the net electric flux is negative, more lines enter than leave the surface. 
kQ , (8.99 x10°)Q 

(a) Eos 8.90 x 10° = —___,— 
r (0.750) 


But Q is negative since E points inward. Q = -5.56 x10 C =| -55.6 nC 


(b) The | negative | charge has a | spherically symmetric | charge distribution. 
o. = fin 
So 
Through 5, ga tR -9 
<0 €o 
Through S, o, -+8 Q- 0 
<0 
Through 5; o,-29*0-0. EL 
S €o 
Through S, ®; =| 0 


(a) One-half of the total flux created by the charge q goes through the plane. Thus, 


1 1/ q q 
De, plane EE. total — E IE 


2 " eel 
(b) The square looks like an infinite plane to a charge very close to the surface. Hence, 
q 
or SO plane = 
square plane 2 E 
(c) The plane and the square look the same to the charge. 


The flux through the curved surface is equal to the flux through the flat circle, 


Jin  120x10 
€; 885x107" 


-136x105 N-m?/C =| 1.36 MN-m?/C 


(a) Or shell = 


2 
E jar 


(b) Dr, raisen = 5 (136% 10° N-m?/C) - 678 x10° N-m?/C =| 678 kN-m?/C 


(c) No, | the same number of field lines will pass through each surface, no matter how the 


radius changes. 


P24.15 


*P24.16 


P24.17 


P24.18 


P24.19 
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(a) With ó very small, all points on the hemisphere are nearly at 


a distance R from the charge, so the field everywhere on the 


k.Q 


curved surface is 3 
R 


radially outward (normal to the 


surface). Therefore, the flux is this field strength times the 
area of half a sphere: 


P curved E JE dA- Esci hemisphere 
1 1 + 
P curved =fr, ey ink?) - Q(2z)- Q 


2 Ar € 2 € FIG. P24.15 
(b) The closed surface encloses zero charge so Gauss's law gives 
® Daa =0 D fat = -D -|£ 
curved + P flat = or flat ~ curved 7 2 
€o 


Consider as a gaussian surface a box with horizontal area A, lying between 500 and 600 m elevation. 


A(1 
jE-4A-—-: (+120 N/C)A+(-100 poan awm 
€0 €o 
20 N/C)(8.85 x10" C?/N.m? 
mE fox / k 177x10 C/m? | 
100 m 


The charge is | positive |, to produce the net outward flux of electric field. 


-6 

The total charge is Q -6 q| . The total outward flux from the cube is Q- ei , of which one-sixth goes 
€ 

through each face: 

Ormene c S 

EJ one face 6 € 
-6 00 — 6.00) x 10% C. Nm? 
(dd Les al _ (6.00- 6.00) x = [188 KN-m?/C |. 
ELLE: 6x8.85x10 ^C 


-6 
The total charge is Q— eig. The total outward flux from the cube is Q- ed 


€ 


, of which one-sixth goes 


through each face: 
Q -6h 


6 © 


(® E Jone face 


If R<d, the sphere encloses no charge and ®; = fin [9]. 
€o 


If R>d, the length of line falling within the sphere is 24 R? - d? 


Oa R? -d° 


€ 


SO P; = 
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(8.99 10° N-m?/C?)(10.0 x10% C) 
(0.100 m)? 


x(1.00 x10 m} 


kQ 
P24.20 ©; hole = E-A pole -( da Je = 


OQ hole =| 28.2 N-m?/C 


6 
P2421 @, = 22 = Sn - z ;-192x107 N-m?/C 
e 885x107" C?/N-m 
1 192x107 N-m?/C 
(a) (Oz) ae face ` 6 p> 6 (PE) one face ~ 3.20 MN -m?/C 
(b) o, =| 19.2 MN-m?/C 
(c) The answer to (a) would change because the flux through each face of the cube would 


not be equal with an asymmetric charge distribution. The sides of the cube nearer the 
charge would have more flux and the ones further away would have less. The answer 


to (b) would remain the same, since the overall flux would remain the same. 


P24.22 No charge is inside the cube. The net flux through the cube is zero. Positive flux ~@4 
comes out through the three faces meeting at g. These three faces together fill 
solid angle equal to one-eighth of a sphere as seen from q, and together pass 


flux (tL . Each face containing a intercepts equal flux going into the cube: 


€ 
FIG. P24.22 
q 
0- o. net — 30, abcd * $e 
0 
m 
o. abcd 7 We 
0 


Section 24.3 Application of Gauss’s Law to Various Charge Distributions 


P24.23 The charge distributed through the nucleus creates a field at the surface equal to that of a point 


k 
charge at its center: E= x 
f 


(8.99x10° Nm?/C?)\(82x1.60x10™ C) 


2 
[(208)'°1.20 x10 m| 


tri 
I 


2.33 x 10?! N/C | away from the nucleus 


Chapter 24 


P2424 (a) E- Ker -[0 


kQr (8.99 x 10° (26.0 x 10% \(0.100) 


(b) p= = jay - [365 kN/C 


ü 


kQ (8.99x10°)(26.0 x10) 


p- 5e. - [146 MN/C 
(©) E (0.400)? / 


kQ (8.99x10°)(26.0 x10) 


d E=-= -[649 KN/C 
(3) 2 E [ 649 KN/C | 


The direction for each electric field is | radially outward |. 


A 2(8.85 x 10? (0.01)(9.8) 
"P2425 mg=qE=4q -Z |-4 3 Q 2«emg X ) Ee 
ie ed A q -0.7 x10 
2(8.99 x 10° (Q/2.40 
PA26 (a) E= 2h ES KQ/2.40) 
4 0.190 


Q=+9.13 x107 C =| +913 nC 


(b) E=[0 


*P24.27 The volume of the spherical shell is 
= a[(0.25 m) - (0.20 m -349x10? m3, 


Its charge is 
pV - (2133x105 C/m? (3119x107? m?]- -425 x10? C. 

The net charge inside a sphere containing the proton's path as its equator is 
-60 x10? C-425x10? C 2-102x10 C. 

The electric field is radially inward with magnitude 

kj] Jj _ 8.99 x 10 Nm?(1.02x107 C) 


=147x104 N/C. 
LT C?(0.25 m)? / 


For the proton 


2 


$ F=ma ppa LC 
r 


1/2 
Cai pz C(1.47x10* N/C)0.25 m í 
v= — 


=|5.94x10° m/s |. 
1.67 x 1077 kg 


m 
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P24.28 


P24.29 


*P24.30 


P24.31 


P24.32 


100 cm Y 
c - (8.60 x 10 * c/em?( =) = 8.6010 C/m? 
m 


c 8.60 x 102 
2 © 2(8.85 x 15:5] 


The field is essentially uniform as long as the distance from the center of the wall to the field point is 
much less than the dimensions of the wall. 


4.86 x10? N/C away from the wall 


If pis positive, the field must be radially outward. Choose as the 
gaussian surface a cylinder of length L and radius r, contained inside 


the charged rod. Its volume is zr?L and it encloses charge pzr?L. 


Because the charge distribution is long, no electric flux passes 
through the circular end caps; E-dA = EdAcos90.0°=0 . The curved 
surface has E-dA =EdAcos0°, and E must be the same strength 


everywhere over the curved surface. FIG. P24.29 
2 
L 
Gauss's law, fE -dA = oe " becomes E Jaa seat . 
€o Curved <0 


Surface 


Now the lateral surface area of the cylinder is 27rL: 


2 
L 
E(2zr).- Bee Thus, E= I radially away from the cylinder axis |. 


Let p represent the charge density. For the field inside the sphere at r, 2 5 cm we have 


3 
E,4ar2 = Jinside _ 4211 P E -eP 
€o 3 © 3 € 
3(8.85 x 10-7 C?}(-86 x 10° N 
po ete | ) B 457x10% C/m?. 
n 0.05 m Nm 
Now for the field outside at r; = 15 cm 
4 3 
E,4ar2=— 2? 
© 
k, 47(010 m)?(-4.57x10 C) 8.99x10° Nm?(-1.91x107 C) F 
E,=-$ += = =~7.64x10* N/C 
rj 3 m (0.15 m)^C 


E; =| 76.4 kN/C | radially inward 


(a) E-[0 


kQ (899x10*(320x10*) 
(b) E= = =7.19 MN/C E =| 7.19 MN/C radially outward 


fe (0.200)? 


The distance between centers is 2x 5.90 x 10? m. Each produces a field as if it were a point charge 


at its center, and each feels a force as if all its charge were a point at its center. 


(46) (1.60 x 10? c) 


3 
5- 23.50 x10? N - 3.50 kN 


k 
p= 5h12 - (899510? N-m?/C? 
r 


(2 x 5.90 x 10 m) 


P24.33 


*P24.34 


Consider two balloons of diameter 0.2 m, each with mass 1 g, hanging apart with a 
0.05 m separation on the ends of strings making angles of 10° with the vertical. 


ms 
a F, =T cos10°-mg =0 >T = 
(a) 2 y ? cos 10? 
YF, =T sin10°-F, 20— F, =T sin10? , so 
msg Qu 2 
F= 10°= mg tan 10°= (0.001 kg)|9.8 m/s" |tan10? 
2 RE mg tan ( gf / ) 
F,~2x10° N| —10? Nor1mN 
k g? 
(b) R= d 
8.99 x10° N-m?/C?)q? 
2x10 set Ef ) 
(0.25 m) 
q=1.2x107 C| —107 C or 100 nC 
9 2/c2 -7 
kg (8.99x10° N-m?/C?)(1.2x107 C) , 
(c) =x &17x10' N/C| ~10 kN/C 
- "em IC [PONO 
q 12x107 C 4 2 2 
d Dp-2——x =1.4x10" N-m*/C} —10 KN-m^/C 
(d) E eg 885x10 C?/N.m? / | / 
"e : Pro 3Q 
The charge density is determined by Q == za’ p p= s 
3 4ra 
(a) The flux is that created by the enclosed charge within radius r: 
bp- din Amps Axr?3Q M Qr? 
E €o 3e 3e 4ra? | Qa? 
(b) = Q . Note that the answers to parts (a) and (b) agree at r =a . 
£0 
(c) Or 
Q 
iU 
0 T 
0 a 


FIG. P24.34(c) 
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Vos 


FIG. P24.33 


38  Gauss’s Law 
24. 2899x109 N-m?/C?)[(2.00 x 10°* C)/7.00 m] 
[4 
DOC S 0.100 m 
E=| 51.4 kN/C, radially outward 


P24.35 (a) E 


(b) ®, = EAcos0 = E(2z r/)cos0? 


o, -(514x10* N/CJ22(0.100 m)(0.020 0 m)(1.00) =| 646 N-m?/C 


-6 
P2436 (a) p- QS SMI 251310 C/m? 


şama”  i5(00400) 


lin = (sar) = (2.13 x 10 $x [o.020 0) =7.13 x107 C =| 713 nC 


(b)  qin= far) = (2.13 x 10? (2 oo 0)° - [5.70 uC 


c | 900x105 C/m? 
2e, 2(885x10 7 C?/N-m?) 


P2437 E= -|508 kN/C , upward 


P24.38 Note that the electric field in each case is directed radially inward, toward the filament. 


2k4  2(899x10? N-m?/C?)(90.0x10'* C/m) 


(a) E 16.2 MN/C 
r 0.100 m 
2(8.99 x10? N-m?/C?\(90.0x10% C/m 
(b) Ea? / I / i 8.09 MN/C 
r 0.200 m ee 
2(8.99 x10? N-m?/C*}(90.0x 107° C/m 
(c) pases | / | / I 1.62 MN/C 
r 1.00 m 


Section 24.4 Conductors in Electrostatic Equilibrium 


; Ii 
P2439  $EdA=E(2zr) =Ï E= find eA 
€ 2reyr 2zeyr 
(a) r = 3.00 cm E-|0 
-9 
(b | r-100cm E- ae 5400 N/C, outward 


2 (8.85 x 10 (0.100) 3 


30.0 x 10? E 
2n(8.85 x10? \(1.00) 


(c) r =100 cm E= 


540 N/C, outward 


P24.40 


P24.41 


*P24.42 


P24.43 


P24.44 
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From GausssLaw, EA=—~— 


o= £ -« E = (885x107 \(-130)= -1.15 x 10° C/m? =| -1.15 nC/m? 


The fields are equal. The Equation 24.9 E = Z conductor. for the field outside the aluminum looks 
€o 


different from Equation 24.8 E = Cinsulator for the field around glass. But its charge will spread out to 
€o 


cover both sides of the aluminum plate, so the density is 6 conductor = £. The glass carries charge 


only on area A, with ouo, = Q The two fields are the same in magnitude, and both are 


Q 
A 2A & 
perpendicular to the plates, vertically upward if Q is positive. 


(a) All of the charge sits on the surface of the copper sphere at radius 15 cm. The field inside is 


zero |. 
(b) The charged sphere creates field at exterior points as if it were a point charge at the center: 
- (8.99 10? Nm? (4010? C) 
E-—7 away = 5 outward =| 1.24x10* N/C outward 
r C*(0.17 m) 
(8.99 x 10° Nm? (40 x 10? C) 
(c) E- 5 2 outward =| 639 N/C outward 
C*(0.75 m) 
(d) All three answers would be the same. 
() | E-— c - (800 10* (8851077) =7.08 x107 C/m? 
€ 
o =| 708 nC/ m? |, positive on one face and negative on the other. 
(b) o= g Q = cA = (7.0810 7 (0.500)* C 


Q=1.77 x107 C =| 177 nC |, positive on one face and negative on the other. 


(a) E-[0 
kQ (899x109 (800x10*) ; 

(b) E=- = ( y =7.99x10° N/C E=| 79.9 MN/C radially outward 
r 0.030 0 

(c) E=|0 


kQ (89910? (400x105) 


(d) E-—- =7.34x10° N/C E=| 7.34 MN/C radially outward 


r (0.070 0)" 
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P24.45 


P24.46 


P24.47 


P24.48 


P24.49 


The charge divides equally between the identical spheres, with charge 2 on each. Then they repel 
like point charges at their centers: 
2 
k.(Q/2)(Q/2 2 — 8.99 x 10” N-m?(60.0 x10% C 
EF = e(Q/ XQ/ ) = kQ = ( ) — 2.00 N . 


(L-R«R) — 4(L«2R) 4 C?(2.01 m)? 


The electric field on the surface of a conductor varies inversely with the radius of curvature of the 
surface. Thus, the field is most intense where the radius of curvature is smallest and vice-versa. The 
local charge density and the electric field intensity are related by 


p= or o=5 E. 
€ 
(a) Where the radius of curvature is the greatest, 


c =€) Emin = (885x107. C?/N-m?(280x10* N/C)- | 248 nC/m? |. 


(b) Where the radius of curvature is the smallest, 
c =€ Emax = (88510? C?/N-m?)(5.60 x104 N/C)=| 496 nC/m? |. 


(a) Inside surface: consider a cylindrical surface within the metal. Since E inside the conducting 
shell is zero, the total charge inside the gaussian surface must be zero, so the inside 
charge/length =-/. 


fin 
4 


Outside surface: The total charge on the metal cylinderis — 2A6- qi, * qo 


0 — A6 Gin so -A 


Jour = 2464 AC so the outside charge/length is 3A |. 

2k (3A 

(b) E= 284) 8A radially outward 
r r 2T €r 

kQ (8.99 x10°)(6.40 x10) 
(a) E= = 2 x | 2.56 MN/C, radially inward 

r (0.150) 
(b) E=0 
(a) The charge density on each of the surfaces (upper and lower) of the plate is: 


4.00 x10 C 
dun ; laonen C/m? =| 80.0 nC/m? |. 
2\A} 2 (0.500 m) 


T f 10° 2 A = 
iy. depen ce com = k-|(9.04 kN/C)k 
€ 885x107 C?/N.m 


(c) E- | (-9.04 kN/C)k 


P24.50 


P24.51 


P24.52 
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(a) The charge +q at the center induces charge —q on the inner surface of the conductor, 


where its surface density is: 
EE 
Az a? 


O,7 


(b) The outer surface carries charge Q +q with density 


Q+q 
Arb? 


O,-— 


Use Gauss's Law to evaluate the electric field in each region, recalling that the electric field is zero 


everywhere within conducting materials. The results are: 


E =0 inside the sphere and within the material of the shell 


E-k, Q between the sphere and shell, directed radially inward 
r 


E=k, = outside the shell, directed radially outward |. 
Charge -Q is on the outer surface of the sphere |. 
Charge +Q is on the inner surface of the shell |, 
and +2Q is on the outer surface of the shell. 


An approximate sketch is given at the right. Note that the electric field lines 
should be perpendicular to the conductor both inside and outside. 


Section 24.5 Formal Derivation of Gauss's Law 


P24.53 


(a) Uniform E, pointing radially outward, so o, = EA. The arc length is ds = Rd, 


and the circumference is 2zr = 2z RsinO 


0 


0 
A= | 2ards= | (2zRsin 0)RdO=27R? | sind0- 2 R(-cos 6); -2z R^ (1-cos6) 
0 0 


FIG. P24.52 


FIG. P24.53 


D EER 27 R?( —cos6)= La — cos 0) | [independent of R!] 


E Are R? 2 € 


(b) For 86 =90.0° (hemisphere): o; = z-ü — cos 90°) = 
€o 


(c) For 0=180° (entire sphere): b; = La — cos 180°) = 
€o 


[Gauss’s Law]. 
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Additional Problems 


P24.54 In general, E= ayi + bzj +cxk 
In the xy plane, z=0 and E= ayi +cxk 


[Ur = JE-dA = | (ayi + cxk)-kdA 


H xi" chw 

o. - ch J xdx = ch = 
L 2 2 
x=0 x=0 


2 


FIG. P24.54 


P24.55 (a) qm=+3Q-Q=|+2Q 


(b) The charge distribution is spherically symmetric and qin > 0. Thus, the field is directed 


radially outward |. 


kg: 
(c) Eat = E for r 2 c. 
(d) Since all points within this region are located inside conducting material, | E=0 | for 
b«r«c. 


(e) Dpr =[E-dA 202 qin =e) 6; =| 0 


(f) Fin = +3Q 
(g) p= ein 3k (radially outward) for a <r <b. 
r r 
+3Q \4 i r? 
h in = PV = =) +3 
() n=? | (frr) 2055 


kd k r? T 
(i) E= 2 Dl i +3Q ala 3k,Q E (radially outward) for 0 <r <a. 


(j) From part (d), E=0 for b<r<c. Thus, fora 
spherical gaussian surface with b<r<c, E 
Fin = +3Q + finner =0 where finner İS the 
charge on the inner surface of the 
conducting shell. This yields inner =| -3Q |. 


(k) Since the total charge on the conducting 
shell is net = outer + finner = -Q, we have 


outer = Q finner = Q ( 3Q)= +2Q s FIG. P24.55(1) 


(1) This is shown in the figure to the right. 
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P24.56 The sphere with large charge creates a strong field to polarize the other sphere. That means it 
pushes the excess charge over to the far side, leaving charge of the opposite sign on the near side. 
This patch of opposite charge is smaller in amount but located in a stronger external field, so it can 
feel a force of attraction that is larger than the repelling force felt by the larger charge in the weaker 
field on the other side. 


P2457 (a) — $E-dA = E(4rr?)= 1> Insulator 
© 


For r<a = EU 
d Qin =P 3 V 


so Pia) 26") m Conductor 
3 eg 
For a«r «b and c«r, =O. 
fin - e FIG. P24.57 
a TE 
4zr^ € 
For b<r<c, E=0,since | E=0 | inside a conductor. 
(b) Let qı = induced charge on the inner surface of the hollow sphere. Since E=0 inside the 
conductor, the total charge enclosed by a spherical surface of radius b <r <c must be zero. 
qı -Q 
Therefore, +Q=0 and 0,-7 = 
HAO !Axb? | 4b? 


Let q3 = induced charge on the outside surface of the hollow sphere. Since the hollow 
sphere is uncharged, we require 


qı Q 
+q, =0 and O, = —— = 
wee 2 Az c? Az c? 
P24.58 jE-4A = E(4n 7?) = T 
€ 
()  (-3.60x10? N/C)4z(0.100 m)* = Q (a<r <b) 


885x107 C?/N.m? 


Q--400x10? C =| 400 nC 


(b) We take Q' to be the net charge on the hollow sphere. Outside c, 
Q+Q’ 


+2.00 x 10? N/C)4z(0.500 m)? = r>c 
| Jen 885x107? C?/N.m? oo 
Q+Q'=+45.56x10° C,so Q'24956x10? C =| 49.56 nC 
(c) For b«r«c: E=0 and qin =Q+Q, 20 where Qj is the total charge on the inner surface of 


the hollow sphere. Thus, Q; 2 -Q- | +4.00 nC |. 


Then, if Q, is the total charge on the outer surface of the hollow sphere, 
Q, =Q'-Q, 29.56 nC - 40 nC =| +5.56 nC |. 
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*P24.59 The vertical velocity component of the moving charge y 
increases according to 
dv dv dx 
y y 
—- =F —— =¢E,. 
"db 9 de at du 
Now a =v, has the nearly constant value v. So 
" Dy q? FIG. P24.59 
doy - — Ey o, = [do - — JEydx. 
The radially outward compnent of the electric field varies along the x axis, but is described by 
oo oo Q 
JE,dA = [E,(2z4)dx = = 
ae o 0 
(pace k= Bea ME oni duo 
So JE dx = and v, = . The angle of deflection is described by 
es 2z d €p ” mo2zd e, 
v 
tanĝ=— = aQ ; 6=tan | qe E 
v 22 €g dmv 2z ey dmv 
P24.60 First, consider the field at distance r « R from the center of a uniform sphere of positive charge 


(Q=+e) with radius R. 


| T directed outward 


, Agr? 

(42r?)p - 3. - 2" _ E 37! so E- An 
€; & (zR Ey Are R 
(a) The force exerted on a point charge q =-e located at distance r from the center is then 
2 
F-qE--e E 3r E sr -Kr |. 
4r & R 4r & R 

(b) e? k,e? 

Ar e R RÊ 


k,e? 
(c) F, =m, -| y pu a, 


Thus, the motion is simple harmonic with frequency f= 


Oo _ 


Ax 


f =2.47x10" Hz- 


i |(899%10° N-m?/C? 160x107? c)? 


(d) 


Qn (91110? kg)R® 


which yields R? = 1.05 x10 m?, or R- 102x101? m= 


1 |k 
Ax m, R? l 


102 pm |. 


P24.61 


P24.62 
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The field direction is radially outward perpendicular to the axis. The field strength depends on r but 
not on the other cylindrical coordinates 0 or z. Choose a Gaussian cylinder of radius r and length L. 
Ifr<a, 


©, = fin and X E(2zrL)- zd 
€o £9 
z or E= f f (r<a)l. 
2zr Eq 2zr € 
AL + pa(r? -a° )L 
If a«r«b, E(2z rL) = 
€o 
A+ pn(r? -a° 
E= | P (a<r<b) |. 
21 © 
AL + px(b? -a°)L 
Ifr>b, E(2z rL) = 


€ 


A+ pn(b? - a? 
E- | F (r>b) |. 
2zr € 


Consider the field due to a single sheet and let E, and E. 
represent the fields due to the positive and negative sheets. The 


field at any distance from each sheet has a magnitude given by 
Equation 24.8: 
c 
E,|z|E |2——. 
E.-IE.|- : 
eae . . Le =0 
(a) To the left of the positive sheet, E, is directed toward the 
left and E_ toward the right and the net field over this 
+ - 
region is E=| 0 —>|t| —> |-|<— 
+ — 
T — 
(b) In the region between the sheets, E, and E_ are both tud H T z Eon 
directed toward the right and the net field is * Sos 
+ 
E=|— to the right 
“|e aun FIG. P24.62 


(c) To the right of the negative sheet, E, and E_ are again oppositely directed and E-|0 |. 
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P24.63 The magnitude of the field due to the each sheet given by PES g pare h = 
Equation 24.8 is s acest Ha: 
E- —— directed perpendicular to the sheet. H > 
€o E=2 |+HE=0|+|E=-2 
| Eo |+ +H & 
(a) In the region to the left of the pair of sheets, both fields are t m 
directed toward the left and the net field is FIG. P24.63 


E- Er to the left |. 
€ 


(b) In the region between the sheets, the fields due to the individual sheets are oppositely 
directed and the net field is 


E=) 0}. 


(c) In the region to the right of the pair of sheets, both are fields are directed toward the right 
and the net field is 


E=|— to the right |. 
€o 


P24.64 The resultant field within the cavity is the superposition of two 
fields, one E, due to a uniform sphere of positive charge of radius 


2a, and the other E_ due to a sphere of negative charge of radius a 
centered within the cavity. 


3 
{= Pane, so E, =i- A 


3| & 


3 
2:5 EE =4rrfE_ so E= pa (i) == r. 
3| & 3 & 3 & 
FIG. P24.64 

Since r=a+r,, E - ef a 

3 eg 

BOE Bos. e LUE Le 
3e; 3ej 3e 3e 3 eg 

Thus, E, =0 

pa ; E ; 
and E,= A at all points within the cavity. 

£0 


*P24.65 Consider the charge distribution to be an unbroken charged spherical shell with uniform charge 
density c and a circular disk with charge per area —o. The total field is that due to the whole sphere, 


4r R? 
Q ji^ did c= ° outward plus the field of the disk — NI radially inward. The total 
4z ey; R^ 4zegR^ © 2€& 26g 
field is £ ? =|? outward |. 


€; 26 €o 


P24.66 


P24.67 


P24.68 
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The electric field throughout the region is directed along x; therefore, E will be 
perpendicular to dA over the four faces of the surface which are perpendicular 
to the yz plane, and E will be parallel to dA over the two faces which are parallel 
to the yz plane. Therefore, 


$,- -(E,|,_,)4 + (E, A= -(3 + 2a? ab + (3 +2(a+ c) Jab = 2abc(2a + c). 


nro) 


Substituting the given values for a, b, and c, we find , =| 0.269 N-m?/C li FIG. P24.66 
Q =€) 6, = 2.38 x 10" C =] 2.38 pC 


fE-dA = E(4zr?) - 


€ 
R 5 
(a) For r2 R, Gin = [Ar (4x r?)ar = 4r 4E- 
Ü 5 
5 
and E- AR 
5er 
r 5 
(b) For r<R, Gin = [Ar (aar? yir = MEAT 
Ü 5 
3 
and ES AT 
56, 


The total flux through a surface enclosing the charge Q is Q, The flux through the 
<0 


disk is 


® disk = JE-dA 


where the integration covers the area of the disk. We must evaluate this integral 
1 
and set it equal to iQ to find how b and R are related. In the figure, take dA to be 


<0 FIG. P24.68 
the area of an annular ring of radius s and width ds. The flux through dA is 


E-dA = EdAcos6 = E(27sds)cos@. 


The magnitude of the electric field has the same value at all points within the annular ring, 


1 1 
= Q P- and E ? TEN 
4reo r^ 4T s +b r bia 


Integrate from s=0 to s=R to get the flux through the entire disk. 


R 
Qb + sds Qb F (2,12) Q b 
PE, disk 75 2, y? 2 (s "n 2 A acq ae 
So o (s +b ) €o o “0 (R +b ) 
: Q : b 1 
The flux through the disk equals —~— provided that = ie 6 
4& (R? T b?) 2 


This is satisfied if | R = J3b |. 
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P24.69 


P24.70 


P24.71 


fE-4A =T= 


4 r 
E4rr? = iia frar = 


1 ta 
—f=4rr7 dr 
4ra r? 


© 9 € 2 


E 


a : 
- constant magnitude 


(The direction is radially outward from center for positive a; radially inward for negative a.) 


In this case the charge density is not uniform, and Gauss's law is written as jE -dA = E paV . We 
€o 


use a gaussian surface which is a cylinder of radius r, length £, and is coaxial with the charge 
distribution. 


(a) 


(b) 


(a) 


(b) 


When r<R, this becomes E(2zr/) = 2a ffa 5 zv . The element of volume is a cylindrical 
€ 9 


shell of radius r, length ¢, and thickness dr so that dV = 27 r£dr . 


2r) 
E(2zr0)- Z tPo E d so inside the cylinder, E = Por Gea . 
e A2 3b JaN 3b 


When r> R , Gauss’s law becomes 


R 2 
E(2zx ré -20 get 2arédr) or outside the cylinder, E = Pok a zs : 
y 

e b 2er 


Consider a cylindrical shaped gaussian surface perpendicular 
to the yz plane with one end in the yz plane and the other end 
containing the point x: 


Use Gauss's law: fE dA = Hin 
€p gaussian 
surface 
By symmetry, the electric field is zero in the yz plane and is 
perpendicular to dA over the wall of the gaussian cylinder. 
Therefore, the only contribution to the integral is over the end 


cap containing the point x : 


: A 
fE-dA =T or pistas 
€ €o 
: D px 
so that at distance x from the mid-line of the slab, | E = — 
€ 
F —e)E 
a (€) | ES J FIG. P24.71 
Me Me m, €o 
The acceleration of the electron is of the form a—-—o?x with w= pe ] 
l m 


e €0 


Thus, the motion is simple harmonic with frequency f= LN B EE 
2x 2x Vm, e, 


P24.72 


P24.73 
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Consider the gaussian surface described in the solution to problem 71. 


(a) 


(b) 


(a) 


(b) 


For i, dq = pdV = pAdx = CAx?dx 


€o €; A 8 
3 3 . 3. 
- Or E- ce Mors pau P MCA 
24 €o 24 € 2 24 © 2 
x 3 
For Ad JE-dA= : faq- f xax = C8 
2 2 €o © 9 3e 
3. 3r 
E- m i for x» 0; pce pen 
€o © 
; ae ; m » ‘ 
A point mass m creates a gravitational acceleration £7 -——5-t ata distance r. 
T 
The flux of this field through a sphere is pg-dA = -CM aer?) --4mzGm . 
T 


Since the r has divided out, we can visualize the field as unbroken field lines. The same flux 
would go through any other closed surface around the mass. If there are several or no 
masses inside a closed surface, each creates field to make its own contribution to the net flux 
according to 


| $g. 4A =-47Gm,, |. 


Take a spherical gaussian surface of radius r. The field is inward so 
$g-dA = g4z r? cos180?- - gAz r? 


and -4z Gm, =-4nG arp. 
2 T 4 
Then, g4nr^- dor ii p and rad uc 
M MgG 
Or, since p=, g= E Tor gc Mar inward |. 
ízRr RẸ Rz 


ANSWERS TO EVEN PROBLEMS 


355 kN. m?/C P24.10 (a) -55.6 nC; (b) The negative charge has a 


P24.2 


P24.4 


P24.6 


P24.8 


spherically symmetric distribution. 


(a) -2.34 kN -m?/C; (b) 42.34 kN -m?/C; 


(9) 0 


P242 (a) =e ; (b) M ; (c) Plane and square 
2 € 2 € 


both subtend a solid angle of a hemisphere 
at the charge. 


P2444 (a) 1.36 MN. m?/C; (b) 678 kN-m?/C; 
(c) No; see the solution. 


50 Gauss’s Law 


P2416 1.77 pC/m? positive P2446 (a) 248 nC/m?; (b) 496 nC/m? 
-6 P24.48 2.56 MN/C radially inward; (b) 0 
d Q -6|d (a) /C radially inward; (b) 
6 & 
PAAS0 (a) 1, (b SH 
P2420 28.2 N-m?/C 4ra 4rb 
-q P24.52 see the solution 
P24.22 = 
€o 2 
pasa Se 
P24.24  (a)0; (b) 365 kN/C; (c) 1.46 MN/C; 2 
(d) 649 kN/C 


P24.56 see the solution 


PA 26 AA DIRAL DA P24.58 (a) -400 nC; (b) +9.56 nC; (c) 44.00 nC 


P24.28 4.86 GN/C away from the wall. It is ene ege ne 
constant close to the wall S 
P24.60 (a,b) see the solution; (c) L 2 
P24.30 — 76.4 kN/C radially inward 22 | m,R 
(d) 102 pm 


P24.32 3.50 kN 


P24.62  (a)0;(b) Z to the right; (c) 0 
£9 


3 
P24.34 (a) Qr 3; (b) Q. (c) see the solution 
€o a €o 


P24.64 see the solution 
P24.36 713 nC; (b) 5.70 uC 
P24.66 0.269 N-m?/C; 2.38 pC 
P24.38 (a) 16.2 MN/C toward the filament; 
(b) 8.09 MN/C toward the filament; P24.68 see the solution 


(c) 1.62 MN/C toward the filament 
Por 2r PoR? 2R 
j P24.70 (a) (s ; (b) a 
P2440 -1.15 nC/m 2e 3b 2erV 3b 


P2442 (a)0; (b) 12.4 kN/C radially outward; 
(c) 639 N/C radially outward; (d) Nothing 


3 ^ 
P24.72 (a) E= E i for x> zs 
24 €p 


2 


would change. Cd? + d 
E-- iforx«- > ? 
€ 
P2444 (a)0; (b) 79.9 MN/C radially outward; ni . Ds 
(c) 0; (d) 7.34 MN/C radially outward (D) E= und forx>0; E=- e for x <0 
0 0 
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CHAPTER OUTLINE ANSWERS TO QUESTIONS 


25.1 Potential Difference and 
Electric Potential Q25.1 


252 Potential Differenceina When one object B with electric charge is immersed in the 


Uniform Electric Field electric field of another charge or charges A, the system 

25.3 Electric Potential and possesses electric potential energy. The energy can be measured 
Potential Energy Due to by seeing how much work the field does on the charge B as it 
Fointehargas moves to a reference location. We choose not to visualize A’s 
Obtaining the Value of the . . 
Electric Field from the effect on B as an action-at-a-distance, but as the result of a two- 
Electric Potential step process: Charge A creates electric potential throughout the 
Electric Potential Due to surrounding space. Then the potential acts on B to inject the 


Continuous Charge 
Distributions 

Electric Potential Due to a 
Charged Conductor Q25.2 The potential energy increases. When an outside agent makes it 


The Milliken Oil Drop move in the direction of the field, the charge moves to a region 


system with energy. 


Experiment 


MA os of lower electric potential. Then the product of its negative 
Application of Electrostatistics 


charge with a lower number of volts gives a higher number of 
joules. Keep in mind that a negative charge feels an electric force 
in the opposite direction to the field, while the potential is the 
work done on the charge to move it ina field per unit charge. 


Q25.3 To move like charges together from an infinite separation, at which the potential energy of the 
system of two charges is zero, requires work to be done on the system by an outside agent. Hence 
energy is stored, and potential energy is positive. As charges with opposite signs move together 
from an infinite separation, energy is released, and the potential energy of the set of charges 
becomes negative. 


Q25.4 The charge can be moved along any path parallel to the y-z plane, namely perpendicular to the field. 


Q25.5 The electric field always points in the direction of the greatest change in electric potential. This is 


implied by the relationships E, 24 ,E,=- ae and E, = Se, 
ax” Oy 0z 
Q25.6 (a) The equipotential surfaces are nesting coaxial cylinders around an infinite line of charge. 
(b) The equipotential surfaces are nesting concentric spheres around a uniformly charged 


sphere. 


Q25.7 If there were a potential difference between two points on the conductor, the free electrons in the 
conductor would move until the potential difference disappears. 
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Q25.8 


Q25.9 


Q25.10 


Q25.11 


Q25.12 


Q25.13 


Q25.14 


Q25.15 


Q25.16 


No. The uniformly charged sphere, whether hollow or solid metal, is an equipotential volume. Since 
there is no electric field, this means that there is no change in electrical potential. The potential at 
every point inside is the same as the value of the potential at the surface. 


Infinitely far away from a line of charge, the line will not look like a point. In fact, without any 
distinguishing features, it is not possible to tell the distance from an infinitely long line of charge. 
Another way of stating the answer: The potential would diverge to infinity at any finite distance, if it 
were zero infinitely far away. 


The smaller sphere will. In the solution to the example referred to, equation 1 states that each will 


have the same ratio of charge to radius, 4 in this case, the charge density is a surface charge 
r 


density, 


d so the smaller-radius sphere will have the greater charge density. 
mr 


The main factor is the radius of the dome. One often overlooked aspect is also the humidity of the 
air—drier air has a larger dielectric breakdown strength, resulting in a higher attainable electric 
potential. If other grounded objects are nearby, the maximum potential might be reduced. 


The intense—often oscillating—electric fields around high voltage lines is large enough to ionize the 
air surrounding the cables. When the molecules recapture their electrons, they release that energy in 
the form of light. 


A sharp point in a charged conductor would imply a large electric field in that region. An electric 
discharge could most easily take place at that sharp point. 


Use a conductive box to shield the equipment. Any stray electric field will cause charges on the outer 
surface of the conductor to rearrange and cancel the stray field inside the volume it encloses. 


No charge stays on the inner sphere in equilibrium. If there were any, it would create an electric 
field in the wire to push more charge to the outer sphere. All of the charge is on the outer sphere. 
Therefore, zero charge is on the inner sphere and 10.0 wC is on the outer sphere. 


The grounding wire can be touched equally well to any point on the sphere. Electrons will drain 
away into the ground and the sphere will be left positively charged. The ground, wire, and sphere 
are all conducting. They together form an equipotential volume at zero volts during the contact. 
However close the grounding wire is to the negative charge, electrons have no difficulty in moving 
within the metal through the grounding wire to ground. The ground can act as an infinite source or 
sink of electrons. In this case, it is an electron sink. 


SOLUTIONS TO PROBLEMS 


Section 25.1 Potential Difference and Electric Potential 


P25.1 


AV=-140V and — Q--N,e- -(602x10? (1.60 x10) = -9.63 x104 C 


AV = o so W - QAV - (-9.63x10* C)(-14.0 J/C) - [135 MJ 


Chapter 25 
P25.3 AK=q|AV| 7.37 x10 = q(115) 
q-641x10? C 
P25.3 (a) Energy of the proton-field system is conserved as the proton moves from high to low 


potential, which can be defined for this problem as moving from 120 V down to 0 V. 


1 
(160x107 CJ(120 vas) - ap 67x107 kg)o? 
l 1V.C) 2V i 
v, =| 1.52x10° m/s 
(b) The electron will gain speed in moving the other way, 


from V; =0 to V;=120 V: Ki +U; +AEmecn =Kf +U yf 
1 d 
DO ROS mye +qVv 
1 -31 2 -19 
0 =5 (011 x10? kg)o? +(-1.60 x10 C)(120 J/C) 


v, =| 6.49x10° m/s 


P254 W=AK=-qAV 


0-7 (1 x10? kg (4.20 x 10° m/s) --(-160x10"? CJaV 


From which, AV =| -0.502 V |. 


Section 25.2 Potential Difference in a Uniform Electric Field 


P25.5 (a) We follow the path from (0, 0) to (20.0 cm, 0) to (20.0 cm, 50.0 cm). 
AU =- (work done) 
AU = - (work from origin to (20.0 cm, 0)) — (work from (20.0 cm, 0) to (20.0 cm, 50.0 cm)) 
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Note that the last term is equal to 0 because the force is perpendicular to the displacement. 


AU = -(aE, Ax = -(120 x10% C)(250 V/mJ(0.200 m) =| -6.00 x10* J | 


-4 
CEP c cR EA J __50.0 J/C - [500 V 
q  120x10*C 


 |AV| 25.0x10° J/C 
d | 150x107? m 


P256 E = 1.67x10° N/C =| 1.67 MN/C 
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P25.7 


P25.8 


P25.9 


*P25.10 


P25.11 


AU = "(s v?)= yen x10! kg) (140 x105 m/s)’ - (370 10° mys) | -623x1075J 
AU = qAV : +6.23 x 10 =(-1.60 x10” JAv 


AV =| -389 V. The origin is at highest potential. 


(a) |AV| = Ed = (5.90x10? v/mJ(0.0100 m) - [ 59.0 V 


(b) sme} - [aV]: (9.11 x10")? - (1.60 x 10” (59.0) 


ie 
2 


v =| 4.55x10° m/s 


B C B 
Vy - V4 =—[E-ds=—[E-ds—[E-ds : B 
A A C 
0.500 0.400 
Vg - V4 =(—Ecos180°) J dy - (E cos 90.0°) Jax E 
-0.300 -0.200 
V, - V4 =(325)(0.800) =| +260 V n 
E 
FIG. P25.9 


Assume the opposite. Then at some point A on some equipotential surface the electric field has a 
nonzero component E, in the plane of the surface. Let a test charge start from point A and move 
B 
some distance on the surface in the direction of the field component. Then AV = -fE -ds is nonzero. 
A 
The electric potential charges across the surface and it is not an equipotential surface. The 
contradiction shows that our assumption is false, that E, = 0, and that the field is perpendicular to 


the equipotential surface. 


(a) Arbitrarily choose V =0 at 0. Then at other points k Q 
E 
= =QV = ANAAAA- mI —- 
V z-Ex and U, -QV --QEx. 
"A 7 
Between the endpoints of the motion, d | â 
(K +U, +U,),=(K+U, +U,), 
1 JOE FIG. P25.11 
0040-0 7 kia. -QExmax SO Tmax = ML 


(b) At equilibrium, 
> F, =-F,+F, =0 or kx=QE. 


So the equilibrium position is at x =| —— |. 


continued on next page 
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d*x 


dt? 


(c) The block's equation of motion is >) F, = -kx + QE =m— . 
Let x'=x st ,Or xev SE 7 


so the equation of motion becomes: 


d? (x - QE/k ivi 
(x «8E og-n a BED gute -(Ey. 
k dt dt 


m 


This is the equation for simple harmonic motion a, =—@7x' 
with o= o : 
The period of the motion is then T= Ec 2r f” d 
e 
(d) (K FU, eU.) +AEmech =(K+U, «U,), 
0+0 +0- ,.M8X max =0 + DN — QEX max 
Pee 2(QE - umg) 
max k 
; : l 2 
P25.12 For the entire motion, Yf = Yi = Vyit + z% 
E E 7d so a EL 
E i t 
2mv; 
F, = : E= : 
DF, =ma, mg -q ; 
p-"(2.-s] and E--P(2:-gj 
q\ t g\ t 
For the upward flight: vu = 07; * 2a (y; = yi) 
Ymax Ymax 
À 2v; 
AV =- [ey (e) - 7i -s |Zo) 
5 q\ t B q\ t 4 
2.00 k 2(20.1 m/s 
- S l /) oso m/s? (204 m/s)(4.10 J =| 40.2 kV 
5.00 x 10 C 4.10 s 4 
P25.13 


V =-Ed and U, - -ALEd . 
(a) (K +U); =(K+U), 


040-7 uLo?  ALEd 


Arbitrarily take V =0 at the initial point. Then at distance d downfield, where L is the rod length, 


2iEd |2(400x10 5 C/mJ(100 N/C)(2.00 m) 
UY (0.100 kg/m) 


The same. 


(b) 


=| 0.400 m/s 
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P2514 Arbitrarily take V =0 at point P. Then (from Equation 25.8) the potential at the original position of 
the charge is -E -s = —ELcos0. At the final point a, V =—EL . Suppose the table is frictionless: 
(K+U), =(K+U), 


0-qELcos@= Qu -qEL 


2gEL(1— 2(2.00 x 10$ C (300 N/C)(1.50 m)(1— cos60.09) 
v- (=cosd) _ |2 oon) =| 0.300 m/s 
m 0.010 0 kg 


Section 25.3 


P25.15 (a) 


(b) 


P2516 (a) 


(b) 


(c) 


P25.17 (a) 


(b) 


Electric Potential and Potential Energy Due to Point Charges 


(8.99 10° N-m?/C? (160 x10? C) 


The potential at 1.00 cm is V, =k, 2. - E - [144x107 v |. 
r 1.00 x10“ m 
q (8.99x10° N-m?/C? (160x107? C) p 
The potential at 2.00 cm is V; =k,—= zs =0.719x10° V. 
r 2.00 x 10°“ m 


Thus, the difference in potential between the two points is AV =V, — V; =| -7.19x10° V |. 


The approach is the same as above except the charge is —1.60 x 10 ? C . This changes the 
sign of each answer, with its magnitude remaining the same. 


That is, the potential at 1.00 cm is | 21.44 x 10 7 V |. 


The potential at 2.00 cm is -0.719x 107 V ,so AV =V, —V, =| 719x10 * V |. 


y 
q 
x=-0.800m 0 x=0.800m 


Since the charges are equal and placed symmetrically, | F=0 |. 2.00 uC 2.00 uC 
4 + x 


Since F=gE=0,) E=0}. 


FIG. P25.16 


-6 
V= 2k, T= 2(8.99 x 10* Nanc 2C) 
fA 


0.800 m 


V = 4.50 x104 V =| 45.0 kV 


r- 
4T €gr 

MERE 
4T € r 

_|V|_ 300v Herm 
|E| 500 V/m 

Vv =-3000 V=——_2 __ 

47 € (6.00 m) 


|| -8000 V 
(8.99 x10? V.m/C) 


(6.00 m) =| 22.00 uC 


Chapter 25 57 


k k -2 
P25.18 (a) E= a + e 7 =0 becomes Eve ky aa + 4 x |=0 
x?  (x-2.00) x? (x-2,00) 
Dividing by k,, 24x? = q(x - 2.00)? x? +4.00x - 400-0. 
—4.00 + y 
Therefore E=0 when x= EE = sce —4.83 m 


(Note that the positive root does not correspond to a physically valid situation.) 


k k 2 
(y vss lg or Volt. cg 
x  200-x x  200-x 
Again solving for x, 2gx = q(2.00 - x). 
For 0<x<2.00 V=0 when x =| 0.667 m 
and L= x ; For x<0 x=| -2.00 m |. 
Bj B-x 


P25.19 Vay ki 
i f 


-1 1 " 1 
0.0100 0.0100 0.0387 


Y (8.99 x 10? (7.00 x 105) 


V =| -1.10 x107 V = -11.0 MV C200 ail 


FIG. P25.19 


«Q — (5.00x10~° C)(-3.00x 10° CJ(&99x10? V-m/C) 


P2520 (a U= - 
4z eg r (0.350 m) 


=| -3.86 x107 J 


The minus sign means it takes 3.86 x 10 7 J to pull the two charges apart from 35 cm to a 


much larger separation. 


Qi Q» 


(b) V= + 
4reyrn 40 r 
(5.00 10° C)(8.99x 10? V-mjC) (-3.00 x10 CJ(8.99 x10? V-m/C) 
i 0.175 m » 0.175 m 


V=/103 V 
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P2521 


P25.22 


P25.23 


P25.24 


P25.25 


1 
U, =q4V1 +94V2 +94V3 ZF [2 pa +) 


1 1 1 


U, - (10.0105 CJ (89910? N-m?/c?) i + 
0.600 m 0.150 m [(0.600 m)? + (0.150 m)? 


kq, k k y 
(a) V= eli + ef2 -4 2 
n T, r P 4 (0, 0.500 m) 
(8.99 x10? N-m?/C? (2.00 x10% C) 2.00 uC 2.00 uC y 
=2 Jaco y + (0500 m)? (-1.00 m, 0) (1.00 m, 0) 
V =3.22 x104 V 2| 322 KV FIG. P25.22 
(b) U - qV - (-3.00x10 5 C)(3.22x10* J/C)=| -9.65x10? J 
Ub, (2)— —(3) 


S 


U -0 Uy; * (U55 *U55)* (U *U5, *U54) | 


kQ? ei | «e 1 ) 
U=0+ : + s qs : RUE (D n © 


E9553 kQ” 
TE 2 E +. 541 8 FIG. P25.23 


2 
An alternate way to get the term E * +) is to recognize that there are 4 side pairs and 2 face 


J2 


diagonal pairs. 


Each charge creates equal potential at the center. The total potential is: 


EE 5k $ 


R R 


(a) Each charge separately creates positive potential everywhere. The total potential produced 


by the three charges together is then the sum of three positive terms. There is | no point 


located at a finite distance from the charges, at which this total potential is zero. 


(b) V= keq $ keq = 2k.q 
a a a 
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P25.26 Consider the two spheres as a system. 


(a) Conservation of momentum: 0- moi + m0>(—i) Or v, = P 
2 
k,(- k(- 
By conservation of energy, = kam = lo + 1 nv? + kam 
d 2 2 Tj 5 
ánd keqiq2  keqi92 1 € _ impor 
T, +r d ud My 
ee 2m 2k 4192 1 1 
1 
\ mi(m4m;) ru *r; d 
2(0.700 kg)(8.99 10? N -m?/C? (2x10 5 C)(3x 10% Zi 1 1 
be 
CY (0.100 kg)(0.800 kg) 8x10? m 100m 


=| 10.8 m/s 
HELIUM 0.100 kg(10.8 m/s) 
2 


m, 0.70 kg 


(b) If the spheres are metal, electrons will move around on them with negligible energy loss to 
place the centers of excess charge on the insides of the spheres. Then just before they touch, 
the effective distance between charges will be less than r, +r, and the spheres will really be 


moving | faster than calculated in (a) |. 


P25.27 Consider the two spheres as a system. 


(a) Conservation of momentum: 0- mvi +m 202(-i) 
or v, = Mitr. 
m» 
k.- 1 1 k,(- 
By conservation of energy, 0- Can = nol +—m,v2 + Ca) 
d 2 2 ttf, 
and keqiq2 ku 1 dud _ impor . 
Tf, d 2 m, 


v= 


2m rk 4142 1 1 
mi(m,-m;) rr, d 
5 mi ja 24k 4442 1 1 
27 17 
m, my(m,-m;)ir*r, d 


(b) If the spheres are metal, electrons will move around on them with negligible energy loss to 
place the centers of excess charge on the insides of the spheres. Then just before they touch, 
the effective distance between charges will be less than r, +r, and the spheres will really be 


moving | faster than calculated in (a) |. 
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*P25.28 


*P25.29 


(a) In an empty universe, the 20-nC charge can be placed at its location with no energy 
investment. At a distance of 4 cm, it creates a potential 


kg,  (899x10? N-m?/C? (20x10? C) 
aes 0.04 m 


To place the 10-nC charge there we must put in energy 


= 450 kV. 


Us; 2 4; V, - (10x10? C (45x10? V) - 450x107 J. 
Next, to bring up the -20-nC charge requires energy 
Us + Uy3 = 93V2 * q3V1 7 q3 (Va + Vi) 


-9 -9 
= 20x10? C(8.99 x 10° N-m?/c?) 10x10 C , 20x10 C 
0.04 m 0.08 m 


- -450x10? J- 450x107? J 
The total energy of the three charges is 


Uiz tU t =| —4.50 x 10° J S 


(b) The three fixed charges create this potential at the location where the fourth is released: 


20 x10? 10x10? 20x10? 


+ C/m 
0.042 +0.03? 0.03 0.05 | / 


V =V; +V, «V; - (8.99 x 10* vel 


V 23.00 x 10? V 


Energy of the system of four charged objects is conserved as the fourth charge flies away: 
[ime t qv) - [Ime t qv) 

2 j \2 f 
0 +(40x 10° C)(3.00 x 10° V)= 5 (2.00 x10? kg)o? +0 


(1.20 x10 J 


mao ee 3.46 x 10* m/s 


The original electrical potential energy is 


v= 


keq 
U, =4V =q Ap 
In the final configuration we have mechanical equilibrium. The spring and electrostatic forces on 


kg keg? 

each charge are —k(2d)+q 7 =0.Then k=—— 
(3d) 18d 

. 1,2 1k? 2 kq 4kg 
= kx? +V => (2d) +q- = 2 
energy is 2 x +q 7 TUR ) aa oa 

kaq? 4k.q? 
energy, as the system is isolated: Zero 2e 


. In the final configuration the total potential 


. The missing energy must have become internal 


+ AEQ 
9d 


2 


5k, 
d 


Chapter 25 61 
k k 
P25.30 (a) V(x) 3 k,Q; n k.Q; CQ) re CQ) 
" no Vx? +0? J? +(-a)? 
V(x)= 2k,Q — kQ 2 
vx? +a 4 (x/a) +1 
V(x) A 2 
(k.Q/a) yay +1 
k k,(- 
(b) V(y) = k,Qi FS k,Q» ES -(+Q) + d Q) 
n T3 ly - al ly + al 
k, 1 1 
v()- 58 
a ly/a-1| ly/a +1] 
V(v) — 1 1 
(Qa) |Vy/a-1 [y/a+1 
FIG. P25.30(b) 
899x10? N-m?/C? [800x10? C i 
psa v-k9 E a ) _720V-m 
r V V V 
For V =100 V , 50.0 V, and 25.0 V, | r =0.720 m, 1.44 m, and 2.88 m |. 
The radii are | inversely proportional | to the potential. 
P25.32 Using conservation of energy for the alpha particle-nucleus system, 
we have Ky; cU, =K; +U;. 
k 
But U; 2 ella gola 
fi 
and T; & 00. 
Thus, U; =0. 
Also K, -0 (v, =0 at turning point), 
SO u, = K; 
k 
or ed a4 gold _ E 
f, 2 


min 


2k FeIgoid 2(8.99 x 10° N-m?/C7)(2)(79)(1.60 x 10? cl 


Tmin 2 
m aU a 


=2.74x1074 m=] 27.4 fm |. 


(6645107? kg)(2.00x107 m/s)" 
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P25.33 Using conservation of energy 


we have: KO. Ram 1 
"n T, p 
which gives: v= zeef = | 
Yom in on 
(2)(8.99 x10? N-m?/c?|-160x10 ^ C10? C)( 1 1 
n "1 9.11x 10?! kg 0.0300 m 0.0200 m J ` 
Thus, v=|7.26x10° m/s |. 
g. -2 
kelig; - hoe 1 q 
P25.34  U- Y, —— , summed over all pairs of (i, j) where iz j. © LA 
fij | ; 
ya?4b2 4 
-24) (2434) (2q)(3 2 3 2q(-2 aZ y 
U-k, 4(-24) (724 9«) (24X34) «4(24), (94) , 2«(724) eX —P,— + 
b d b a da.p? a2 +0? +2q +3q 
2 6 6 2 3 4 
U=k,q? + - - FIG. P25.34 
d Ir 0.200 0.400 0.200 0.447 Ta S 


u- (5910? 60107)" 4 4 1 l- 


3.96 J 
0.400 0.200 0.447 


P25.35 Each charge moves off on its diagonal line. All charges have equal speeds. 


> (K+u), =) (K+U); 
04+ 4k,q? n 2k,q? ZE mo? | 4k,q? " 2k,q? 
J2L 2 2L. QAAE 


| koa” = 2mv? 


Ta 
e e 
v= dix] 


P25.36 A cube has 12 edges and 6 faces. Consequently, there are 12 edge pairs separated by s, 2x6=12 face 


diagonal pairs separated by J2s and 4 interior diagonal pairs separated 43s. 
k,q? k,q? 
pe Con En |- 22.84 
s J2 43 s 


Section 25.4 Obtaining the Value of the Electric Field from the Electric Potential 


P25.37 V =a+bx=10.0 V +(-7.00 V/m)x 


(a) At x=0, V =| 10.0 V 


At x=3.00 m, V =| -11.0 V 


At x=6.00 m, V =| -32.0 V 


(b) E= X. b = -(-7.00 V/m)=| 7.00 N/C in the + x direction 
x 
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P25.38 (a) For r<R v= 


(b) For r2R Vaz—— 


P2539  V=5x-3x°y+2yz’ 


Evaluate E at (1, 0, - 2) 


b= [a= eaa aca os 


ES ns 4yz |= -4(0)(-2) =0 


E= E2 +E? +E? = ¥(-5)’ « (-5y +0? =[7.07 N/C 


P25.40 (a) E; > Ep since E = en. 
As 
6-2)V 
Ey  #ye a 0 Vo NE GHOR 
AS 2cm 


(c) The figure is shown to the right, with sample field lines 
sketched in. 


FIG. P25.40 


P25.41 E ay ô kQ In = M 
” 09 Oy| € y 
p EQ y [EQ 
"od Cry +y yg y? 


Section 25.5 Electric Potential Due to Continuous Charge Distributions 


P2542 AV -Vjg -V ——À L KO «e( : 1) 0.553 P 


R24(2R)2 R RUS 
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P25.43 


P25.44 


P25.45 


P25.46 


© web S245 


(b) | V=k J^- k [=k ka aE zm 
0 


FIG. P25.43 


Ve j k dq _ " axdx 
e 5 2 
* (L/2- x) 


Let gocce 
2 


Then x=-2,and dx = -dz 


(L/2-z)\(-dz) kaL 


_k aL 
: (ze ere yz? «b? 
yb? +z? "NE hal I 2 


r L 
V DE Ji (2-2) yee] kal (2-2) pe 
2 2 2 
0 


V -k,a] 


y kal, | HAL (2) +b Ae 
| L/24 (Lio) +b? 


bor p? +(L?/4) ES 


2 b? + (12/4) «1/2 


-[gy- 1 [f 
4 ud ici 


All bits of charge are at the same distance from O. 


E -6 
Bp d PEL N-m?^/c?) Fa | ers. 
4z eg V R 0.140 m/z 


disco. where dq = odA = o2z rdr 
yr? x? 
V = 2zok pomme. =| 2zk,o| Vx" +b? ~ x? +a? | | l T] P 
a Vr 4x? x—| 


FIG. P25.46 
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-R 3R 
P2547 V-k, | Lm. | Ok | +k, | 
-3R — R 


all charge semicircle 


V=-k,A In(-xJ 7. + =z aR+k,Aln a 


V=k, In25 Lk 1k In3- k,A(z * 21n3) 
R 


Section 25.6 Electric Potential Due to a Charged Conductor 


k 
P25.48 Substituting given values into V = =e 
r 


(8.99 10° N-m?/C?)q 
0.300 m 


7.50x10° V = 


Substituting q= 2.50x107 C, 


2.50x1077 C 


= legum C/ —-|1.56 x 10"? electrons |. 
.60 x e 


P25.49 (a) E-|05 


potan (8.99 x 10° (26.0 1079) 


=| 1.67 MV 
R 0.140 
kg (8.99 x 10° )(26.0 x10) 
(b) E=—>= z =| 5.84 MN/C | away 
r (0.200) 
8.99 x 10? (26.0 x 1079 
= keq 2 ( X ) = 117 MV 
0.200 


EC (8.99 x 10° (26.0 1075) 
R? (0.140)? 


11.9 MN/C | away 


(c) 


k 
y2ie [167 MV 
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k k 
*P25.50 a) Both spheres must be at the same potential according to Refi _ Sef 
P P 8 ^ 7 
1 2 
where also qı +42 -120x10 5 C. 
Then q1 = dont 
T2 


42 | 2, 2120x109 C 
n 

1320530 *€ 
1+6cm/2cm 


qı =1.20x 10° C-0.300 x10 C =0.900 x 10° C 


2 = 0.300 x 105 C on the smaller sphere 


kag, (8:99 10° N-m?/C?)(0.900 x10% C) 


z Z D -|135x10? V 
n 6x10^m 
(b) Outside the larger sphere, 
kars Vir d. "V 
E;- Mi e deol Vp =[2.25x10% V/m away |. 


rí n 0.06 m 


Outside the smaller sphere, 


.135x10 V. - 


674x105 V/m away |. 
0.02 m 


E; 


The smaller sphere carries less charge but creates a much stronger electric field than the 


larger sphere. 


Section 25.7 The Milliken Oil Drop Experiment 


Section 25.8 Application of Electrostatistics 


P25.51 (a) Emax = 3.00 x10° V/m KQ _ kQ E - Vos) 
T T T T 


ax = Emax! = 3.00 x 10°(0.150) =] 450 kV 


V, 


m 


b 
(0) k, 8.99 x 10? 


k k 
P25.52 V - 5€. and E - —«.. Since p 
T r r 


5 
(b) fae JOE oN poor and 


TE 3.00x10° V/m 


(a) q=— =| 13.3 uC 


7.51 uC 


2 3.00 x 10°(0.150)” 
FC mas = E l k Q ax E V. | Q max = Erat = 3 00 x 0 (0 50) = 
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Additional Problems 


(38)(54)(1.60 x 10”) 


P25.53  U-qV =k, 2 = (8.99 x 10°) = 404x107! J =[ 253 MeV 


m (5.50 + 6.20) x 10 ^ 
P25.54 (a) To make a spark 5 mm long in dry air between flat metal plates requires potential difference 
AV = Ed -(3x105 V/m)(5x10° m)- 15 x104 V 
(b) The area of your skin is perhaps 1.5 m?, so model your body as a sphere with this surface 


area. Its radius is given by 1.5 m? = 4zr?, r 0.35 m . We require that you are at the 
potential found in part (a): 


yata Vr  L5x10* el J =) 
r k, 899x10? N.m?/C? V V.CÀ J 


q-58x107 C|—10 $ C |. 


2 
-(8.99 x 10? (1.60 x 10? 
r 0.052. 9 x 10 


--435x10 55 J=] 2272 eV 


NT -(8.99 x 10* 1.601079" 


©) r 2^ (0.0529 x 10°) 


=| —6.80 eV 


2 


(c) U= k 4192 ims k,e — 0 


r [o0] 


P25.56 From Example 25.5, the potential created by the ring at the electron's starting point is 
kQ  _ k,(2zAa) 


Jx? +a" (x? +a" 


while at the center, itis V; = 27k,A . From conservation of energy, 


i 


e e i +a 
4n(1.60 x 10-9 (8.99 x 10° (1.00 x107) : 0.200 
0;- 
f 9.11x 10! (0:100)? + (0.200)? 


v, =|1.45x10’ m/s 
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*P25.57 


P25.58 


P25.59 


Vo - (-Vo) _ 2Vo 
d d ` 
Assume the ball swings a small distance x to the right. It moves to a place where the voltage created 


The plates create uniform electric field to the right in the picture, with magnitude 


by the plates is lower by -Ex - — My . Its ground connection maintains it at V =0 by allowing 


k 
ar +% 0 — g=2¥0"% then the ball 


charge q to flow from ground onto the ball, where p 


e 


AVGxR 
feels electric force F = gE = 7 - to the right. For equilibrium this must be balanced by the 
e 
. ; AVxR 
horizontal component of string tension according to Tcos@=mg = Tsin0- ym 
e 


j a. MR 
tanĝ = a for small x. Then V) = LAL 1 
L 4RL 


If V, is less than this value, the only equilibrium position of the ball is hanging straight down. If V, 
exceeds this value the ball will swing over to one plate or the other. 


(a) Take the origin at the point where we will find the potential. One ring, of width dx, has 
Qdx 


charge m and, according to Example 25.5, creates potential 


k,Qdx 
hv x? + R? 


The whole stack of rings creates potential 


dth k.Qdx  kQ 
V= dV = £ =e In(x+ Vx? +R?) 
all Jx J hy x? +R? h 


dV = 


d+h P EQ d he (de hy +R? 
d h d+vd*+R? 


(b) A disk of thickness dx has charge e and charge-per-area p" . According to 


zR’ 
Example 25.6, it creates potential 


dV =2rk, m (ve NM x). 


zR? 
Integrating, 

^U 2k Q 2 2 2k,Q| 1 2 2 R? 2 2 x E 
V= J 5 ( x^ + R*dx xix |= A xNX^-R ene +R )-= 

; Rh R*h | 2 2 2 F 


d ha 4(d Rh)? +R? 
V= tQ (d h)J(d +h) +R? 2 add? +R? -2dh - I? +R? In VE) 
R^h d+ Vd* +R? 


Q 
W = | Vaq 
0 


k 
where Vac 


2 
Therefore, W = KeQ 
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c 36.0x10? C/m? 
2e, 2(885x10 7 C?/N-m?) 


from the + plate. The negative plate by itself creates the same size field and between the plates it is 
in the same direction. Together the plates create a uniform field 4.07 kN/C in the space between. 


P25.60 The positive plate by itself creates a field E = = 2.03 kN/C away 


(a) Take V =0 at the negative plate. The potential at the positive plate is then 
12.0 cm 


V-0-- [(-407 kN/C)dx. 


The potential difference between the plates is V = (4.07 x 10° N/C)(0.120 m) =| 488 V |. 


1 1 
(b) (zm? + av) = (zm? + av) 
2 ; \2 f 


1 


qv = (1.60 x10? CJ(488 V)- sme} =| 781x107" J 


(c) v, =| 306 km/s 


(d) vi =v; + 2a(x, - x,) 


(3.06 10? m/s) = 0+ 2a(0.120 m) 


a=| 3.9010" m/s? | 


() È F=ma=(167x107 kg\(3.90x10" m/s”) =| 651x107 N 


pE 651x107 N _ 


4.07 kN/C 
q 160x10” C / 
B "E 
P25.61 (a) Vg -V4 = -Í E-ds and the field at distance r from a uniformly z 
A 
charged rod (where r » radius of charged rod) is N 
|. A 2k, A 
Are d 


In this case, the field between the central wire and the coaxial 
cylinder is directed perpendicular to the line of charge so that 


noka 7 FIG. P25.61 
Vp -V4 = (= dr =2k,Aln| — |, 
r Ty 
Ta 
r 
or av= akam | l 
Tp 


continued on next page 


70 Electric Potential 


(b) From part (a), when the outer cylinder is considered to be at zero potential, the potential at a 
distance r from the axis is 


V= akain) . 
r 


The field at r is given by 


gak aA z) 2kA 
Or T. r r 


AV 


In(r, /") l 


Therefore, | E = xe 2 
In(r, I") 


But, from part (a), 2k,A = 


P25.62 (a) From Problem 61, 
=) AV 1 
In(r, /r,) 7 
We require just outside the central wire 


3 
550x106 V/m=—20.0x10° V (1 
In(0.850 m/r, ) 


or (110 m1! yi (= m) =1. 


Tp 


We solve by homing in on the eas value 


a) xam 


4.89 0.740 1.05 1.017 1.005 0.999 
Tp 


Thus, to three significant figures, 


r, =| 1.42 mm |}. 


(b) At r 


a’ 


50.0 kV 
In(0.850 m/0.001 42 m) 


Í : E 9.20 kV/m |. 
0.850 m 


P25.8 V,-V,=-[E-dr=-/ -— 


pera 2 m2) 
Aàmeg r 


*P25.64 


P25.65 
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Take the illustration presented with the problem as an initial picture. 
No external horizontal forces act on the set of four balls, so its center of 
mass stays fixed at the location of the center of the square. As the 
charged balls 1 and 2 swing out and away from each other, balls 3 and 4 
move up with equal y-components of velocity. The maximum-kinetic- 
energy point is illustrated. System energy is conserved: 


2 2 FIG. P25.64 
KT hell sp peti Le i i los 
a 3a 2 2 2 2 
2k,g? kg? 
Ael. copa v= cv AM 
3a 3am 


k.(q) k.(-24) 


For the given charge distribution, V(x, Y, z) = + 
hn 72 

where r = c RY +y? +z? and r, = x7 +y’ +z. 
The surface on which V(x, y, z)=0 
i d Tie. 22. 
is given by ka > = 2) -0,or 24 =. 

mh o" 
This gives: 4(x+R)? + 4y? e az? - x? +y +27 

: — 2,2,2 (8 4 ay 
which may be written in the form: x+y +z“ + cu x+ (0)y + (0)z + 2 =0. [1] 
The general equation for a sphere of radius a centered at (xo, yo, zo) is: 
2 2 2 
(x-xo)' +(y-Yo) *(z-29) -a° =0 

or x? ey! +z? « (2x9) (—2yo)y + (—2z9)z + (x5 +95 +25 -a°)=0. [2] 


Comparing equations [1] and [2], it is seen that the equipotential surface for which V 20 is indeed a 
sphere and that: 


4 
2x =R; 249 20; -2z9 20; xo tyo +29 -4° = ZR. 


Thus, xg Sg -z,-0,and a’ 1o od Ro Ri 
JAGS 9 3 


The equipotential surface is therefore a sphere centered at (-żr, 0, o) , having a radius SR : 
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P25.66 (a) From Gauss's law, E, =0 | (no charge within) 
1.00 x 10? 
PS f ) [[899 
Ey =k, 75 - (899x10 ) me P B V/m 
n —5.00 x 10? 
go =k, 44) NC ; l: ( Eg V/m 
r r 
+ -5.00 x 10? 45. 
(b) PEPSUSLO NA 5 (- 2v 
r r r 
Atr, Paa e eind V 
.300 
Inside r;, Vg 2-150 V+ [925 =-150+ ses sax] x: 450 + 22) V 
act r 0.300 T 
89.9 
<. Atri, V=-450+ = +150 V so | V, 2 4150 V |. 
0.150 
P25.67 From Example 25.5, the potential at the center of the ring is 
V; = ue and the potential at an infinite distance from the ring is " 
—P 
V; =0. Thus, the initial and final potential energies of the point Dair 
charge-ring system are: charged ring 
2 
u, - Qv, -£Q FIG. P25.67 
R 
and u, = QV; > 0 . 
From conservation of energy, 
Ky + u, => K; + U; 
2 
or + Mv? +0=0+52 
2 R 
- 2k,Q" 
ivin =| ,—=> 
giving Ur MR 
aL P aL (a Ly +b? 
P568 V=k, Í Ae -k An x+ (5e) =| k,Aln en 
a Nx? +b" a ac Na? «b? 


*P25.69 


(a) 


(b) 


(c) 


ya eed Kd. 


n T5 


From the figure, for r>>a, 


Then 


keg i 
[EL 


2 n) 


2k,pcos@ 


r? 


Chapter 25 73 
p 
h 
T,—r, &2acosÓ. 


k 
Va e 2acos0= 
ip) 


k,pcos@ 
p 


FIG. P25.69 


In spherical coordinates, the ó component of the gradient is H2) ; 
r 


Therefore, 


For r>>a 


and 


and 


These results 


However, for 


is 0. 


(2) k,psin@ 
Eo = =, 3 . 
rV 00 r 


are | reasonable for r >> a 


. Their directions are as shown in Figure 25.13 (c). 


r — 0, E(0) o. This is unreasonable, 


since r is not much greater than a if it 


kepy 
g [i NOS 
oV 3k,pxy 
and |E, ET (2 ar 
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P25.70 Inside the sphere, E, = E, =E, - 0. 


Outside, E, oV o (v. Ez + EP? +y? 2d 
Ox Ox 
-5/2 z 
So E, = T +0+ Eoad -3 x" +y” +z?) i (2x) = BEga° x2(x? xy e z^) 25 
E, eid P (v. Ez + Egi? z(x? £y? +2) ”) 
ôy oy 
-5/2 -5/2 
Ey = -Eod -2x +y’ +z?) j 2y = 3E? yz(x? £y? +2") à 
-5/2 -3/2 
E= — - Eg Ed ze +y” +2”) / (22) - E? (x? +y’ +2") / 
E, =| E+ Ea? (22? uu -y? \(x? £y? pp 
siete : : k,dq 
P25.71 For an element of area which is a ring of radius r and width dr, dV = "EXT 
rT^-X 


dq = odA - Cr(2z rdr) and 


R 2 
veto ss dte. Eun 


R+yR? +x? 


k, 
P25.72  dU-Vdq where the potential V = ef 
r 


The element of charge in a shell is dq = p (volume element) or dq = p(4zr?dr| and the charge g ina 
8 q q Be 4 


sphere of radius r is 


y Arr? 
=4 r?dr = . 


Substituting this into the expression for dU, we have 


k 4 3 2 
au-[ d id [Eyes] rar 
r 3 r 3 


lez? \ 27 167° 
us jau-k( 3 Jirar [87 p^ RO 


15 


k 2 
But the total charge, Q = paar’. Therefore, | U -2 Q 


*P25.73 (a) 


(b) 
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The whole charge on the cube is 
q- (100105 C/m? (0.1 m)? 2 10 7 C. Divide up the cube into 
64 or more elements. The little cube labeled a creates at P 

keq 


6446.25? 1.25? +1.25210 2 m 
horizontal row behind it contribute 


. The others in the 


potential 


kag | 1 1 1 | 
= + + 
610? m)\_Jg.752+3125 11252-3125 13.757 +3.125 
The little cubes in the rows containing b and c add 


2k,q 
64(107 m) 


[c +1.25? +3.757) | : + (8:75? +15.625) ” i 


FIG. P25.73 


and the bits in row d make potential at P 


k i P 

muss iot 4 ..+(13.75? + 28125) a 

8.9876 x10? Nm? x107” C 
C764(107 m) 


more subdivisions of the large cube, we get the same answer to four digits. 


The whole potential at P is (1.580 190)4 =| 8 876 V |. If we use 


A sphere centered at the same point would create potential 


k.q 89876x10? Nm? x107 C 
r C? 10'm 


=8988 V, | larger by 112 V |. 


ANSWERS TO EVEN PROBLEMS 


P25.2 6.41x10 C P25.22 (a) 32.2 kV; (b) -96.5 mJ 
; -0. k 
P25.4 0.502 V NR Ska 


P25.6 1.67 MN/C 


P25.26 (a) 10.8 m/s and 1.55 m/s; (b) greater 


P25.8 (a) 59.0 V; (b) 4.55 Mm/s 


P25.28 (a) —45.0 uJ; (b) 34.6 km/s 


P25.10 see the solution 


P25.12 40.2 kV 


P25.14 0.300 m/s 


P25.16 (a) 0; (b) 0; (c) 45.0 kV 


P25.30 see the solution 
P25.32 27.4 fm 


P25.34 -3.96 J 


P2518 (a) 483 m; (b) 0.667 m and -2.00 m k,q? 


P25.36 22.8 —— 
S 


P25.20 (a) -386 nJ; (b) 103 V 
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P25.38 (a) 0; (b) ne radially outward 
P25.40 = (a) larger at A; (b) 200 N/C down; 
(c) see the solution 
P25.42 —0.553 kQ 
R 
kaL, | 40? *(2/4)- L2 
P25.44 ln 
4 | fo? +(1?/4) 41/2 
P25.46 2ak,o| Vx" +b? - x? +a | 
P25.48 — 1.56 x 10” electrons 
P25.50 = (a) 135 kV; (b) 2.25 MV/m away from the 
large sphere and 6.74 MV/m away from 
the small sphere 
P25.52 (a) 13.3 „uC; (b) 0.200 m 
P25.54 (a) —10* V;(b) —10 ^ C 
P25.56 14.5 Mm/s 
2 2 
kQ, | d+h+J(d+h) +R 
P25.58 (a) —~In 
h d+vd7+R? 
(dh) (d +h)? +R? -dda? +R? 
kQ 
(b) — d+h+4|(d+h)? +R? 
R^h | -2dh-h? +R? In GEN 


d+ Vd*+R? 


P25.60 


P25.62 


P25.64 


P25.66 


P25.68 


P25.70 


P25.72 


(a) 488 V ; (b) 7.81x 107” J; (c) 306 km/s; 
(d) 390 Gm/ s? toward the negative plate; 


(e) 651x106 N toward the negative plate; 
(f) 4.07 kN/C toward the negative plate 


(a) 1.42 mm; (b) 9.20 kV/m 


kg? 1/2 
3am 
(a) E4 =0; Ez = (=) V/m radially 
r 


45.0 


outward; Eç = (- 23 V/m radially 
r 


outward; 


(b) V4 =150 V; va - (5 2v; 
T 


a+L+(a+L up 
k,Aln l ) 
ava? +b? 


-5/2 
E, = BEya? x2(x? £y? +z?) : j 


-5/2 


24y? +27) ; 


E,= 3E ga yz(x 
Epa? (22? -x° -4° 


2)? 


E, = Eo + outside and 
ta ty +z 


E =0 inside 


3 k,Q? 
R 


Capacitance and Dielectrics 


CHAPTER OUTLINE 


ANSWERS TO QUESTIONS 


Definition of Capacitance 


Calculating Capacitance : 3 . s 
Combinations of Q26.1 Nothing happens to the charge if the wires are disconnected. If 


Capacitors the wires are connected to each other, charges in the single 
Energy Stored in a Charged conductor which now exists move between the wires and the 
Capacitor plates until the entire conductor is at a single potential and the 


Capacitors with Dielectrics X p 
Electric Dipole in an Electric capacitor is discharged. 


Field 
An Atomic Description of 
Dielectrics Q26.2 


336 km. The plate area would need to be = m’. 


€ 


Q26.3 The parallel-connected capacitors store more energy, since they 
have higher equivalent capacitance. 


Q26.4 Seventeen combinations: 


Individual Cy, C5, C5 
Parallel C, +C, * C4, C4* C5, C44 C5, C5 * C5 
hk pne ee i i ie oye 
Series-Parallel (e + Z| +C3, (e + Z| +Co, B + + +C; 
-1 -1 -1 
1 1 1 1 1 1 
+ j + , + 
i 3 [c +C, 4) [= * C3 +) 
-1 -1 -1 -1 
; 1 1 1 1 1 1 1 1 1 
Series +——+ ; + ; + , + 
E C; =] E 3 (c =] (c =] 


Q26.5 This arrangement would decrease the potential difference between the plates of any individual 
capacitor by a factor of 2, thus decreasing the possibility of dielectric breakdown. Depending on the 
application, this could be the difference between the life or death of some other (most likely more 
expensive) electrical component connected to the capacitors. 


Q26.6 No—not just using rules about capacitors in series or in parallel. See Problem 72 for an example. If 


connections can be made to a combination of capacitors at more than two points, the combination 
may be irreducible. 
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Q26.7 


Q26.8 


Q26.9 


Q26.10 


Q26.11 
Q26.12 


Q26.13 


Q26.14 


Q26.15 


A capacitor stores energy in the electric field between the plates. This is most easily seen when using 
a "dissectable" capacitor. If the capacitor is charged, carefully pull it apart into its component pieces. 
One will find that very little residual charge remains on each plate. When reassembled, the capacitor 
is suddenly "recharged" —by induction—due to the electric field set up and "stored" in the 
dielectric. This proves to be an instructive classroom demonstration, especially when you ask a 
student to reconstruct the capacitor without supplying him/her with any rubber gloves or other 
insulating material. (Of course, this is after they sign a liability waiver). 


The work you do to pull the plates apart becomes additional electric potential energy stored in the 
capacitor. The charge is constant and the capacitance decreases but the potential difference increases 


to drive up the potential energy SOav. The electric field between the plates is constant in strength 
but fills more volume as you pull the plates apart. 


A capacitor stores energy in the electric field inside the dielectric. Once the external voltage source is 
removed—provided that there is no external resistance through which the capacitor can 
discharge—the capacitor can hold onto this energy for a very long time. To make the capacitor safe 
to handle, you can discharge the capacitor through a conductor, such as a screwdriver, provided that 
you only touch the insulating handle. If the capacitor is a large one, it is best to use an external 
resistor to discharge the capacitor more slowly to prevent damage to the dielectric, or welding of the 
screwdriver to the terminals of the capacitor. 


The work done, W = QAV , is the work done by an external agent, like a battery, to move a charge 
through a potential difference, AV . To determine the energy in a charged capacitor, we must add 
the work done to move bits of charge from one plate to the other. Initially, there is no potential 
difference between the plates of an uncharged capacitor. As more charge is transferred from one 
plate to the other, the potential difference increases as shown in Figure 26.12, meaning that more 
work is needed to transfer each additional bit of charge. The total work is the area under the curve of 


Figure 26.12, and thus W = ;QN. 


Energy is proportional to voltage squared. It gets four times larger. 


Let C = the capacitance of an individual capacitor, and C, represent the equivalent capacitance of the 
group in series. While being charged in parallel, each capacitor receives charge 


Q=CAV charge = (500 x10 F)(800 V) = 0.400 C. 


Q Q  0400C -8.00 kV 


C, C/10 5.00x10° F 


While being discharged in series, AV cha 
(or 10 times the original voltage). 


Put a material with higher dielectric strength between the plates, or evacuate the space between the 
plates. At very high voltages, you may want to cool off the plates or choose to make them of a 
different chemically stable material, because atoms in the plates themselves can ionize, showing 
thermionic emission under high electric fields. 


The potential difference must decrease. Since there is no external power supply, the charge on the 
capacitor, Q, will remain constant—that is assuming that the resistance of the meter is sufficiently 
large. Adding a dielectric increases the capacitance, which must therefore decrease the potential 
difference between the plates. 


Each polar molecule acts like an electric "compass" needle, aligning itself with the external electric 
field set up by the charged plates. The contribution of these electric dipoles pointing in the same 
direction reduces the net electric field. As each dipole falls into a configuration of lower potential 
energy it can contribute to increasing the internal energy of the material. 


Q26.16 


Q26.17 


Q26.18 


Q26.19 


Q26.20 
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The material of the dielectric may be able to support a larger electric field than air, without breaking 
down to pass a spark between the capacitor plates. 


The dielectric strength is a measure of the potential difference per unit length that a dielectric can 
withstand without having individual molecules ionized, leaving in its wake a conducting path from 
plate to plate. For example, dry air has a dielectric strength of about 3 MV/m. The dielectric constant 
in effect describes the contribution of the electric dipoles of the polar molecules in the dielectric to 
the electric field once aligned. 


In water, the oxygen atom and one hydrogen atom considered alone have an electric dipole moment 
that points from the hydrogen to the oxygen. The other O-H pair has its own dipole moment that 
points again toward the oxygen. Due to the geometry of the molecule, these dipole moments add to 
have a non-zero component along the axis of symmetry and pointing toward the oxygen. 

A non-polarized molecule could either have no intrinsic dipole moments, or have dipole 
moments that add to zero. An example of the latter case is CO,. The molecule is structured so that 
each CO pair has a dipole moment, but since both dipole moments have the same magnitude and 
opposite direction—due to the linear geometry of the molecule—the entire molecule has no dipole 
moment. 


Heating a dielectric will decrease its dielectric constant, decreasing the capacitance of a capacitor. 
When you heat a material, the average kinetic energy per molecule increases. If you refer back to the 
answer to Question 26.15, each polar molecule will no longer be nicely aligned with the applied 
electric field, but will begin to "dither"—rock back and forth—effectively decreasing its contribution 
to the overall field. 


The primary choice would be the dielectric. You would want to chose a dielectric that has a large 
dielectric constant and dielectric strength, such as strontium titanate, where x ~ 233 (Table 26.1). A 
convenient choice could be thick plastic or mylar. Secondly, geometry would be a factor. To 
maximize capacitance, one would want the individual plates as close as possible, since the 
capacitance is proportional to the inverse of the plate separation—hence the need for a dielectric 
with a high dielectric strength. Also, one would want to build, instead of a single parallel plate 
capacitor, several capacitors in parallel. This could be achieved through "stacking" the plates of the 
capacitor. For example, you can alternately lay down sheets of a conducting material, such as 
aluminum foil, sandwiched between your sheets of insulating dielectric. Making sure that none of 
the conducting sheets are in contact with their next neighbors, connect every other plate together. 
Figure Q26.20 illustrates this idea. 


Dielectric ) 


This technique is often used when "home-brewing" signal capacitors for radio applications, as 
they can withstand huge potential differences without flashover (without either discharge between 
plates around the dielectric or dielectric breakdown). One variation on this technique is to sandwich 
together flexible materials such as aluminum roof flashing and thick plastic, so the whole product 
can be rolled up into a "capacitor burrito" and placed in an insulating tube, such as a PVC pipe, and 
then filled with motor oil (again to prevent flashover). 


let 


FIG. Q26.20 


Conductor 
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SOLUTIONS TO PROBLEMS 


Section 26.1 Definition of Capacitance 


P261 (a) Q=CAV - (400x105 F(120 V)- 480x10? C - | 480 uC 


(b) Q - CAV - (400 x10 F)(1.50 V) = 6.00x 10° C =| 600 4C 


Q 100x10$C 


P26.2 (a) C= =1.00x 10° F =| 1.00 uF 


AV 10.0 V 
-6 
(b) Ay ak ~ 100x10 Te 100 V 
C 1.00x10~° F 
Section 26.2 Calculating Capacitance 
4.90 x 10* N/C\(0.210 m)? 
P26.3 E= kel : zi c) = 0.240 uC 


q 
r (8.99x10° N-m?/C?) 
-6 
(a) gate eel =|1.33 pC/m? 
A 4n(0.120) 


(b) C = 47 e r = An(8.85 10 7 (0.120) =| 13.3 pF 


P26.4 (a) C-4ze R 


OE pe - (899 x10? N-m?/C?)(1.00x10-? r)- [8.99 mm 
4T © 
4n(8.85 x 10? C*}(2.00 x10 m) 
(b) | C-4zeR- m =| 0.222 pF 
m 


(c) Q=CV - (222x107? F)(100 V)=| 222x10! C 


Q.R 
Q2 R3 


Qı +Q: = E + Bo, = 3.50Q, =7.00 uC 
2 


P265 (a) 


Q, =2.00 uC | |Q; 25.00 nC 


5.00 uC 
(b) V =V, Qı Q; H 


= =8.99x10* V =| 89.9 kV 
Cı C2 (899x10? m/F) (0.500 m) 


P26.6 C 


eA. (1.00)(8.85 x10 C? (10010? m)’ 


d N-m*(800 m) 


The potential between ground and cloud is 


=| 11.1 nF 


AV = Ed =(3.00x10° N/C)(800 m) = 2.40 x10 V 


Q -C(AV)- (111x10? C/Vv)(2.40x10° v)- 


P26.7 (a) AV =Ed 


20.0 V 
E= =| 11.1 kV/m 
1.80x10? m [111 kV/m | 


() | E-— 


o=(111x10* N/CJ(885 x10? C?/N-m?)- 


983 nC/m? 


eA (885x107 C?/N-m?)(7.60 cm*J(1.00 m/100 cm)” 


(c) C 


d 1.80x10^ 


_Q 
(d) AV = 
Q - (20.0 V)(3.74 x107? F) = 


P268 C= L4 -60.0x 10755 F 
xe A ((885x10 7 (210x107) 


C 60.0 x10 
d -310x10? m=] 3.10 nm 


d 


© (AV) 


P269 Q= : 


(AV) S-o- 


3 m 


74.7 pC 


& (AV) (885x107? C?/N-m?)(150 V) 


ge. 


c (30.0x10° C/cm?J(100x10* cm?/m?) 


- [374 pF 


4.42 um 
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P26.10 With 0— z7, the plates are out of mesh and the overlap area is zero. With 
R? 
0=0 , the overlap area is that of a semi-circle, T . By proportion, the 


— 6)R? 
effective area of a single sheet of charge is woos 


When there are two plates in each comb, the number of adjoining 
sheets of positive and negative charge is 3, as shown in the sketch. When 
there are N plates on each comb, the number of parallel capacitors is 2N —1 FIG. P26.10 
and the total capacitance is 


C=(2N-1)2 A effective _CN-1)%(7- 0) R?’ /2 _| N-15% (a - 8)R? 
distance d/2 d 


- £ : 50.0 
2k.In(2) 2(899x10*)i(Z27) 


P2611 (a) =| 2.68 nF 


(b) Method 1: AV = 2k,AIn{ 2) 
a 


-6 
E Je Bx T0 Cin 


£ 50.0m 
AV = 2(8.99 x 10° \(1.62 x 10-7) nf 222) =] 3.02 kV 
Q 810x10 


Method 2: AV = 3.02 kV 


C 268x102 


P2612 Let the radii be b and a with b = 2a . Put charge Q on the inner conductor and -Q on the outer. 


k,Q 


Electric field exists only in the volume between them. The potential of the inner sphere is V, = I 
a 


that of the outer is V, = E . Then 


y,-v,-kQ AQ. Q (=£) ana c= Q Are ab 


a b  4r&\ ab V,-V, b-a 
47 e, 2a? 
Here Qu ERAT gr eid a= S 1 
ü 87 & 
3 3 
The intervening volume is Volume - i ae $ra )=7 2) = 37 es 3 
3 3 3 3 J8 m” e 384r" = 


7(20.0x10% C?/N-m} 
Volume = Gai = 5 =| 213x10 m? 
38427 (885 x107? C?/N-m?) 


The outer sphere is 360 km in diameter. 


ab (0.070 0)(0.140) 
P2613 (a) C= - ; -|15.6 pF 
k,(b-a) (8.99 x 10° 0.140 0.070 0) 
-6 
& cR AySE MOX C CEN 
AV C 156x10” F 


Chapter 26 83 
P2614  »F,-0: T cos0—mg =0 


$F 504 T sind - Eq =0 


E 
Dividing, ^ tanó-—- 
mg 
so E= "S tan 0 
and AV-Ed- MELINE : 


q 


P2635  C-4re R-Az(885x10 7 C/N-m?)(637 x10* m)- | 70810 ^ F 


Section 26.3 Combinations of Capacitors 


P26.16 (a) Capacitors in parallel add. Thus, the equivalent capacitor has a value of 


Coq 2C, +C, =5.00 pF +12.0 uF =| 17.0 LF |. 


(b) The potential difference across each branch is the same and equal to the voltage of the 
battery. 


AV =| 9.00 V 


(c) Q; = CAV - (5.00 uFJ(9.00 V) =| 45.0 uC 


and Q;; - CAV = (12.0 uFJ(9.00 V) =] 108 uC 


P2617 (a) In series capacitors add as 
1 1 1 1 1 
=—+—= + 
C4, C, C, 5004F 12.0 uF 
and Coq =| 3.53 UF |. 
(c) The charge on the equivalent capacitor is Qeg =C AV = (3.53 uF(9.00 V) 2318 4C . 
Each of the series capacitors has this same charge on it. 
So Qı =Q; =| 31.8 uC |. 
(b) The potential difference across each is AV, = SEU =| 6.35 V 
C, 5.00 uF 
and AV, = is AR 2.65 V Í. 


84 Capacitance and Dielectrics 


P26.18 


P26.19 


P26.20 


The circuit reduces first according to the rule for capacitors in C 


C 
series, as shown in the figure, then according to the rule for C | C 2 
: fall "=> Hl i 
C C C z 


capacitors in parallel, shown below. 


\C/3 
1 1) 11 
c, =C(1+ - )- C =| 1.83C 
2 3 6 FIG. P26.18 
1 1 1 
C, =C,+C EE 
Á i : C, Cy C5 


Substitute C; =C, -C, =— + c 
Simplifying, Ci -C,C, +C,C, -0. 


2 
" Spt YCp~AG C1 NER 
3 2 2 P Nae Ps 


We choose arbitrarily the + sign. (This choice can be arbitrary, since with the case of the minus sign, 
we would get the same two answers with their names interchanged.) 


1 15 1 1 2 
Cr=5C,+ "rie: C,C, = 7 (9.00 pF) + um pF) -(9.00 pF)(2.00 pF) =| 6.00 pF 


C,=C,-Cy = tc, Me C,C, = = (9.00 pF)-1.50 pF =| 3.00 pF 


C,=C +C, 
and Aata 
C, Cı C5 
C,-C,«C 
Substitute e TIRE Pd Se ee eet ELE 
C, Cy C, B C4 (et = on 
Simplifying, Ci -C,C, +C,C, =0 
C, +,/C2 =4C,C 
à o PETI Se diei o6 


where the positive sign was arbitrarily chosen (choosing the negative sign gives the same values for 
the capacitances, with the names reversed). 


Then, from C, -C,-C, 


2 
C, ES 25566 


P26.21 


*P26.22 


P26.23 


(a) 


DTE. 
C, 150 3.00 
C, = 2.50 uF 


C, = 2.50 + 6.00 = 8.50 uF 
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E 
Coq = : + : =| 5.96 uF 
8.50 uF 20.0 uF 
2.50 
uF 
(b) Q=CAV =(5.96 uF)(15.0 V) =| 89.5 wC | on 20.0 uF H 
6,00 20.0 
u F 
SOc PnU y i 
C 20.0 uF 
15.0 — 4.47 210.53 V 
Q - CAV = (6.00 uF)(10.53 V) =| 63.2 uC | on 6.00 uF ot s 
u 
89.5 -63.2 =| 26.3 uC | on 15.0 uF and 3.00 uF 
FIG. P26.21 
(a) Capacitors 2 and 3 are in parallel and present equivalent capacitance 6C. This is in series 
E 
with capacitor 1, so the battery sees capacitance lc = =| 2C |. 
3C 6C 

(b) If they were initially unchanged, C4 stores the same charge as C, and C, together. With 
greater capacitance, C3 stores more charge than C,. Then | Q1 >Q; >Q, 

(c) The (C,||C3) equivalent capacitor stores the same charge as C, . Since it has greater 
capacitance, AV = g implies that it has smaller potential difference across it than C, . In 
parallel with each other, C, and C, have equal voltages: | AV; > AV, = AV; 

(d) If C4 is increased, the overall equivalent capacitance increases. More charge moves through 
the battery and Q increases. As AV, increases, AV, must decrease so Q, decreases. Then 
Qs; must increase even more: | Q} and Qj increase; Q, decreases |. 

c-& so 600x10% = -- 

A AV- FTE 

and Q=| 120 uC | ii 

oo oo 
Qı =120 uC-Q, a m 
Q 120-Q; _ Q2 
and AV==: == ; f 
C Ci C, FIG. P26.23 
zm D20-Q, Qj 
6.00 3.00 
(3.00)(120 — Q, ) = (6.00)Q; 
Q, = su 40.0 uC Q; 2120 uC - 40.0 4C =| 80.0 uC 
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P26.24 


P26.25 


*P26.26 


P26.27 


(a) In | series |, to reduce the effective capacitance: 
1 1 " 1 
32.0 uF 348,4F C, 
1 
- =| 398 uF 
* 251x107 /uF E 
(b) In | parallel |, to increase the total capacitance: 


29.8 UF +C, = 32.0 uF 
C, =| 2.20 uF 


100 100 
ctle4lee nfC 


nC = 


n capacitors 


_ 100C 


nC so n? 2100 and n=| 10 


30.8 C 


For C, connected by itself, C; AV = 30.8 uC where AV is the battery voltage: AV = f 


For C, and C, in series: 


l AV =23.1 uC 
1/C, +1/C, 


308,C _ 23.1 uC 23.1 uC 
Ci Ci C 


substituting, 


For C, and C; in series: 


: AV 225.2 uC 
jones len 


30.8 uC _ 25.2 uC | 25.2 uC 
Cy Cy Cs 


For all three: 


C,AV 


C 


Cy = 0.333C,. 


C, =0.222C3. 


30.8 uC 


Q- - A 
1/C, +1/C3 +1/C3 
This is the charge on each one of the three. 


1 Toe 
Gs = 3.33 uF 
s Ex a 


C,, = 2(3.33) + 2.00 = 8.66 JF 
Cyo = 2(10.0) = 20.0 uF 


1 pov? 
a (eae - [604 aF 
el ET zz) £ 


~14+C,/C,+C,/C, 1+0.333+0.222 


19.8 4C |. 


FIG. P26.27 


P26.28 


P26.29 


*P26.30 


Q =Coq(AV) = (6.04 x 10% F)(60.0 V) -3.2x10* C 


Qa 362x10*C 


= =41.8V 
C 8.66x10~ F 


Qyi = Qa, SO AV 1 = 
pl 


Qs =C3(AV,1) - (2.00 x10% F)(41.8 V) =| 83.6 uC 


-1 
Sal TE ) = 2.92 uF 
5.00 7.00 


C, = 2.92 + 4.00 + 6.00 =| 12.9 uF 


According to the suggestion, the combination of 
capacitors shown is equivalent to | E 
i y 


1 1 1 1 _C+Co+Co+C+Co 


Then = + + 
C Co C+Co Co Co(C+Co) 


CC +C = 2C? 0904€ 
2C? +2C)C-C} =0 
-2C, + ACG +4(2C5) 
a 4 


Only the positive root is physical 


25-9 


Section 26.4 Energy Stored in a Charged Capacitor 


P26.31 


P26.32 
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FIG. P26.29 


aT TI 
et wi 


FIG. P26.30 


(a) u- zcv =—(3.00 uF)(12.0 V)? - [216 jj 


t 
2 


1 


(b) u- 5 Cav* - EET uF)(6.00 V)? =| 54.0 uj 


u-lcay? 
2 


AV = 24 = e) -|447x10? V 
C 130x10% C/V 
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1 
P2633 U=—C(AV)* 100V |250  |5.00 
2 uF uF 
The circuit diagram is shown at the right. 


(a) C, 2C, +C, = 25.0 uF +5.00 uF = 30.0 uF 
5.0 uF 


2 
U= 5 (300 x 10-5100) -|0.150] d 
5.00 uF 


1 -1 
id 1 1 
b) G- Z = 417 pF 
" i (e E 4) = uF 5.00 x p FIG. P26.33 
u-lc(vy 
2 
zu [ 2(0.150) 
AV cue -[268 V 
C. \417x10% EY 


2, 
P2634 Use U=2 2 ana co & ^. 
2 C d 


If d, =2d,, C3 = ŽC, . Therefore, the | stored energy doubles |. 


*P26.35 (a) Q=CAV - (150x107? F)(10x 10° V) =| 1.50 10° C 


(b) u- 1 cay? 


2 
[2(250 x 10° J 

Aye e | 5 J: 1.83 x 10° V 
C \ 150x10” F 


U 1 


P2636 u=Ż -=> 5 E? 
V 2 
-7 
poe * (8.85 x 107? 3 000)" 
V 2 
1000L 
V =| 251x10? m? |- (251x10? wy = J- 2.51 L 
m 


P26.37 W=U= | Fax 


so p. 1. d Q’ \_ adaf eae ee 2 
dx dx\2C} dx|2 eA 2 & A 


€; A 269A 


2C. 


P26.38 | With switch closed, distance d' 2 0.500d and capacitance C’ ji 


(a) Q - C'(AV) = 2C(AV) = 2(2.00 x10% FJ(100 V) - [ 400 4C 


(b) The force stretching out one spring is 
Q?  4C(AV) 2C*(AVy 2c(aVy 
2e A  2eA (Ey A/d)d d 


d 
One spring stretches by distance x = a? 


k 


d 


_F_2c(avy’ (2) 8ác(AV)? 8(2.00 x10% FJ(100 V)? 


x d dj a (80010? mJ 


P26.39 The energy transferred is Apr = SOav =—(50.0 C)(1.00 x 10? v) -2.50x10? J 


Z 
2 


and 1% of this (or AE;,, = 2.50 x 107 J) is absorbed by the tree. If m is the amount of water boiled 


away, 
then AE; = (4186 J/kg-°C)(100°C -30.0° C) m(2.26 x 10° J/kg) = 2.50107 J 
giving m=| 9.79 kg |. 
"P2640 (a U= cav) + cav) -[c(avy? 
(b) The altered capacitor has capacitance C' = H The total charge is the same as before: 
C(AV) « C(AV) =C(aV")+S(AV’) av= ; 
2 2 2 
AV 
(9 w ndi) 2d =o S| a ac § ) 
2 3 22 3 3 
(d) The extra energy comes from work put into the system by the agent pulling the capacitor 
plates apart. 
P2641 U= 5c(avy where C= 4r & R= = and AV = Lg -0- ue 


e 


_1/R (ey. kQ? 
2\k, A R 2R 


2.50 kN/m |. 
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5 2 2 zai- 
*P26.42 (a) The total energy is U =U; +U, = : a +: : a = : 4 ni R i : ec n : 
1 2 IT €o 1 TT €o 


A du 
For a minimum we set ——=0: 


qı 


1 2q 12(Q- 41) 
24r7e,R, 24zej R, 


(-1)=0 


Raq, = RıQ - Rıq1 qı 


RQ 
R, +R, 


Then q2 =Q-4q = 


R, R,(R, +R) Ri, +R, 


_ SUP ES k,R;Q E kQ 


(b) VW as n _ k,R1Q kQ 


2 


Section 26.5 Capacitors with Dielectrics 


KeA 210(885x10 7 F/m)\(1.75x10* m?) 
d 4.00x10 m 


P2643 (a) C -813x10 !! F=| 81.3 pF 


(b) AVinax = Emax = (60.0 x 10° V/m)(4.00 x 10° m)=[ 2.40 kV 


P2644 — Q,,, =CAV, 


max" 


but AV max = E xd ! 
Also, G= Ec 
d 
K & A 
Thus, Q max = 2 (Emax) =K € AE max . 


(a) With air between the plates, x — 1.00 
and — E44, =3.00x10° V/m. 


Therefore, 
Qua, = « € AEmax = (885x107. F/m)(5.00 x 10~* m?)(3.00 x10° V/m)- [133 nC |. 


(b) With polystyrene between the plates, x = 2.56 and Emax =24.0x10° V/m. 


Qua, =K E AE max = 256(885x10 7 F/m)(5.00 x 10 m? (240x105 V/m)=[ 272 nC 
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P2645 C= D 
, 9370(885x10 7 )(0.0700)/ 
or | 950x10"- 5 
0.025 0 x 10 
¢=[1.04m 


P26.46 Consider two sheets of aluminum foil, each 40 cm by 100 cm, with one sheet of plastic between 


2.54 
them. Suppose the plastic has xk x3, Emax ~10’ V/m and thickness 1 mil = Ao . Then, 
3(8.85 x10"? C?/N-m?)(0.4 m? 
c-5594_ ( m Y x 10% F 
d 2.54x 10° m 
AV max = Emax4 ~ (107 V/m)(2.54x107 m) ~| 107 V 
ey A 
P26.47 Originally, C= 2 =>. 
riginally 7 (AV), 
; : ] ; € A(AV), 

(a) The charge is the same before and after immersion, with value Q = NU EE 


TR (885x107? C?/N-m?)(25.0 x10 m?)(250 v) - 


369 pC 
(1.50 x 107? m) P 
(b) Finally, 
EE D A 80.0(8.85 x 10° C?/N-m?)(25.0 x10 m?) 
7 " = =| 118 pF 
E (AV), A (150x107? m) P 
A(AV).d (AV), 
(AV), - 9d. S A(AV).d (AV) 250V rry 
f k&A K eg Ad K 80.0 
2, 
= 1 4 & ACAV) 
O lly, U; =—C(AV); = i 
(c) riginally 5 ( ); » 
2 2 
Finally, i EAT) = A 
1nally, f 2 pf )? 2e? E 


- ey A(AV); (k - 1) 
2dk 


So, AU =U, -U; = 


(8.85 x10- C?/N-m?](25.0 x10% m? \(250 v)*(79.0) £ 
2(1.50 x107 m)(80.0) 


—45.5 nJ |. 
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xe A (173)(8.85x 10" (100x10* m?) 
d 0.100 x 10? m 


P26.48 (a) C=KCy =/153 nF 


(b) The battery delivers the free charge 


Q - C(AV) - (15310? F)(12.0 V) =[ 18.4 nC |. 


(c) The surface density of free charge is 
.Q 184x10^C — 
A 100x10*m? 


184x10* C/m? |. 


The surface density of polarization charge is 


oy =of1 ~)=o(1 : )- 1.83 x10 ^ C/m? 
K 


173 


(d) We have E= fu and E,- P hence, 
K 


mo 12.0 V _[ 695 Vim. 


«i (173)(1.00 x 10~* m) 


P26.49 The given combination of capacitors is equivalent to the circuit diagram B C D 


A 
shown to the right. — L | 
40uF 10uF 40uF L 
Put charge Q on point A. Then, : 


Q - (40.0 uFJAV.s = (10.0 uF)AVgc = (40.0 uF)AVcp. FIG. P26.49 


So, AVgc = 4AV 4p = 4AVcp , and the center capacitor will break down first, at AVgc 215.0 V . When 
this occurs, 


1 
AV4g = AVcep = z Vac) =3.75 V 


and Van = V4g + Vgc + Vep =3.75 V +15.0 V +3.75 V =| 225 V |. 


Section 26.6 Electric Dipole in an Electric Field 


P26.50 (a) The displacement from negative to positive charge is 
2a =(-1.20i +1.10) mm- (1.401 -1.30j) mm =(-2.60i + 2.40j) x 10° m. 


The electric dipole moment is 


p = 2aq - (3.50 x10? C)(-2.60i + 2.40ĵ)x 10 m=| (-9.10i+8.40j)x10-? C-m |, 


b)  rt=pxE=]|(-9.10i +8.40) x10? C-m|x (7.80i—490j) x10? N/C 
p j j 


T =(+446k- 65.5k) x10? N-m=| -2.09 x10 N -mk 


continued on next page 
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() U - -p-E- -[(-910i «840j) «10-7 Cm] [(7.86i - 490j) 10? N/C| 


U - (71.0 - 41.2) x10? J=| 112 nJ 


(d  |p|-4(910) + (840)? x10? C-m=12.4x 10°? C-m 
|E| = 4(7.80)^ + (490)? x10? N/C 2 9.21x10? N/C 


Umax = Ip|E| -114 nj, U min 7-114 nJ 
Usos SESTE] 


max  — min 


P26.51 (a) Let x represent the coordinate of the negative charge. 
Then x * Zacos is the coordinate of the positive 
charge. The force on the negative charge is 


F_= -qE(x)i . The force on the positive charge is 


F, = «qE(x + 2a cos 0) = gE(x)i + 15: (20 cos Oj . 
x 


FIG. P26.51(a) 


The force on the dipole is altogether F=F_+F, = 7 (2a cos 0)i = p cos 6i |. 
x 5 


kga 
(b) The balloon creates field along the x-axis of ol i. 
x 


Thus, HE = C2 
dx x 


dE _ C2X899 < 10° (2001075) 
dx (0.160) 


F =(6.30x10° C-m)(-8.78x 10° N/C-m)cos0°i =| -55.3i mN 


At x=16.0 cm, 


=| -8.78 MN/C-m 


Section 26.7 An Atomic Description of Dielectrics 


P26.52 9 2artE =T 


€ 
so E= 2 
21 & 
T2 7? 
AV - - jE-dr- [ At E «(2 FIG. P26.52 
A > 2Y € 2TEy (n 
A 
mex E naxlinner 
27 Eq 


AV - (120x105 V/m)(0.100 x 10? ZEE 2» 


AV max =| 579 V 


25.0 
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P26.53 (a) 


(b) 


(c) 


(d) 


Consider a gaussian surface in the form of a cylindrical pillbox with ends of area A' «« A 
parallel to the sheet. The side wall of the cylinder passes no flux of electric field since this 


surface is everywhere parallel to the field. Gauss's law becomes 


EA'+EA'=-2_A', so | E- 2. 
A 2cA 


€ 


In the space between the sheets, each creates field 


toward the negative sheet. Together, they create a field of 


pE-. 2... 
EA 


directed away from the positive sheet. 


aa away from the positive and 


Assume that the field is in the positive x-direction. Then, the potential of the positive plate 
relative to the negative plate is 


+plate +plate 2 n 
AV=- [E-ds=- | i-(-idx)= Bd 
eA 
—plate —plate 


Capacitance is defined by: C = 


Additional Problems 


P26.54 (a) 


(c) 


(b) 


(d) 


Q Q 


eA K&A 


1 1 


AV Qd/eA | d d 


zi 
Smem *| 
3.00 6.00 


+ 
2.00 4.00 


n E 


3.33 LF 


Q,, - C, (AV, ) = (2.00 uFJ(90.0 V) = 180 JC 


Therefore, Q4 =Q, = 


180 uC 


Qar = Ca (AV4;) = (133 uF)(90.0 V) = 


Av, = Qs... 180 4€ 


- -[60.0 V 
C, 3.00 uF 

AV, = 25. = 80 V 
C, 6.00 uF 

AV, = Qn. POHC OV 
C, 2.00 uF 

Ay," Qi PO C. roy 
C, 4.00 uF 


coe z CV)! - —(3.33 x 10°°)(90.0 v? = 


I 
2 


120 uC 


13.4 mJ 


3.00 uF 6.00 uF 
H E 
2.00 uF 4.00 uF 


a 


f 
90.0 V 


FIG. P26.54 


*P26.55 


*P26.56 


*P26.57 
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(a) Each face of P, carries charge, so the three-plate system is equivalent to 

equ xc 

peret edt 
Each capacitor by itself has capacitance 
1(885x10 7? C?)7.5 x10% m? 
qoe ; | 4 =5.58 pF. 
d N-m* 119x107 m 

Then equivalent capacitance =5.58 + 5.58 =| 11.2 pF |. 
(b) Q - CAV +CAV -11.2x10 P F(12 V) =| 134 pC 
(c) Now P; has charge on two surfaces and in effect three capacitors are in parallel: 

C =3(5.58 pF) «| 16.7 pF |. 
(d) Only one face of P, carries charge: 

Q -CAV - 5.58x10 ? F(12 V)- | 669 pC |. 
From the example about a cylindrical capacitor, 

V,-V, = -2k An? 
a 
9 2/2 -6 12m 
V, -345 kV = 2(899 x10? Nm?/C?(1.40x10* C/m)In 
0.024 m 
= -2(8.99)(1.4x 10° J/C)In500 
--1.5643x10? V 
V, 23.45x10? V - 156 x10? V =| 1.89 x105 V 
Imagine the center plate is split along its midplane and pulled apart. 
We have two capacitors in parallel, supporting the same AV and d 
carrying total charge Q. The upper has capacitance C, = DA and the | 
2d 
lower C, = ai Charge flows from ground onto each of the outside 
plates so that Q; +Q, =Q AV, =AV, =AV. E 
FIG. P26.57 

Then S1-82_ Qt Ra 6229, 2Q,+Q,=Q. a 


CG CG A ed 


(a) Q= 2. On the lower plate the charge is — e. 
Qı = =. On the upper plate the charge is — =. 
(b) Ayia OR 
Cy | 3qA 
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P26.58 (a) We use Equation 26.11 to find the potential energy of the capacitor. As we will see, the 
potential difference AV changes as the dielectric is withdrawn. The initial and final 


2 2 
energies are U; E and U; s HR 1 
2^ Cj 2\ C; 
nm ; "e 1 (Q? 
But the initial capacitance (with the dielectric) is C; = xC ; . Therefore, U ; = p cr 


1 
Since the work done by the external force in removing the dielectric equals the change in 


2 2 2 
potential energy, we have w-u,-u, 4.8 | (2 EE Jo 1). 


2 (C; 2| C; 2| C; 


1 1 1 


To express this relation in terms of potential difference AV;, we substitute Q=C;(AV,), and 


evaluate: W = ZG(AV) -1- goo x10"? FJ(100 V)*(5.00 -100)-| 400x10? J |. 


The positive result confirms that the final energy of the capacitor is greater than the initial 
energy. The extra energy comes from the work done or the system by the external force that 
pulled out the dielectric. 


(b) The final potential difference across the capacitor is AV; = Qe 
f 
Substituting C, = Gi and Q=C;(AV;) gives AV; = «AV; =5.00(100 V) =| 500 V |. 
K 
Even though the capacitor is isolated and its charge remains constant, the potential 
difference across the plates does increase in this case. 


P2659 — =3.00, Emyy = 200x108 V/m - 2 max 
For C= sas 20.250 x10% F 
0.250 x 10-5 \(4 000 
Pu om ( (4.000) aa 


K€ K € Emax 3,00(8.85 x 10° )(2.00 x 108) - 


*P26.60 The original kinetic energy of the particle is 
1I > 1 -16 6 e E 
K=>mo =5 (2x10 kg)(2x10° m/s) =4.00x10~ J. 


Q 1000 uC 
C 10 uF 
For the particle to reach the negative plate, the particle-capacitor system would need energy 


U = gAV - (-3x10* C)(-100 v) - 3.00 x 10 * J. 


The potential difference across the capacitor is AV = =100V. 


Since its original kinetic energy is greater than this, | the particle will reach the negative plate |. 


As the particle moves, the system keeps constant total energy 


i , 1 z 
(K +U) (K +U) 4.00 x10% J+(-3 x10% C)(+100 V)=5(2x10 lo? +0 


at +plate a at —plate : 


2(1.00 x 10^* J) 


v= =|1.00x10° m/s |. 
f 210716 ke / 


P26.61 


*P26.62 


P26.63 


(a) 


(b) 


id reu s red oes 
K 5t Ka 


“eRe nd 


Using the given values we find: 


Cot 7176x101? F = 


The initial charge on the larger capacitor is 


Q - CAV =10 uF(15 V)=150 4C . 


Chapter 26 


|<—— ) —— 


Y 7 A 
WA 
2» 


FIG. P26.61 


176 pF |. 
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An additional charge q is pushed through the 50-V battery, giving the smaller capacitor charge q and 
the larger charge 150 4C +4. 


Then pu. REI 
5 uF 10 uF 
500 wC = 2q +150 uC +q 
q=117 uC 
So across the 5-uF capacitor Ave 2 eS e 23.3 V |. 
C 5yF 
Across the 10-4F capacitor AV = = c c Hed 26.7 V |. 
Li 


(a) 


(b) 


Put charge Q on the sphere of radius a and -Q on the other sphere. Relative to V =0 at 


infinity, 


the potential at the surface of a is 


and the potential of b is 


The difference in potential is 


and 


Vrs 


a 


kQ 
a 

-k.Q 
b 


a» 


3 


+ 


k.Q 
d 


a 


_y, =k, AO KO Ke 


b d 


d 


47 & 


| 


saxea) 


1 
As d o, d becomes negligible compared to as . Then, 
a 


4T & nd 1 1 


1 


= a = + 
1/a +1/b C | 4reqa 


4r ey b 


as for two spheres in series. 


98 Capacitance and Dielectrics 


P2664 (a C= aie -x)tktx]- ale + (x(x -1)] 


2 d 


2 
(b) u- cav} = (semp + x(x -1)] 


2 
(c) (= j Leg en f(x —1) to the left 
- (2.000) (8.85 x 10-7 (0.050 0)(4.50 - 1) 


2(2.00 x 10) 


(out of the capacitor) 


155x10? N 


P26.65 The portion of the capacitor nearly filled by metal has 


K €g (/x) aes 


it 
capacitance 7 
Q? 
and stored energy =-0. 
2C 
The unfilled portion has 
LL- 
capacitance So E 2) 
f= 
The charge on this portion is Q= (t - X)9o 


(a) The stored energy is 


g- Z _ [K-22] [oiu- 
2C 2e L(t- x)/d 2 e 2 


m E (Sec. Qi 


dx — dx| 260 Det? 
Qod m : 
F- ner to the right | (into the capacitor) 
€o " 


2 
Qo 
2 € 4t 


F 
St =—= 
(c) ress 7 


2 2 
(d) u= T €p E? = l €o E = l €o Qo- = 
2 2 Eq 2 Eq £ 


2&4 


P26.66 


P26.67 


*P26.68 


P26.69 
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Gasoline: (126 000 Btu/gal)(1 054 muy 


1.00 gal 1.00 m? 
3.786 x10? m? À 670 kg 


}- 5.24x107 J/kg 


(12.0 J/C)(100 C/s)(3 600 s) 


Battery: 160k 
UKE 


= 2.70x 10° J/kg 


1 (0.100 F)(12.0 V)? 
0.100 kg 


Capacitor: =72.0 J/kg 


Gasoline has 194 times the specific energy content of the battery and 727 000 times that of the 
capacitor. 


Call the unknown capacitance C, 


Q-C, (AV, - (C, * C(AV;) 


C(AV,) | (10.0 ,F)300V) _ 
(AV,)-(AV;) | (100 V -30.0 V) 


C,- 


4.29 LE 


She can clip together a series combination of parallel combinations of two 
100- uF capacitors. The equivalent capacitance is 


-< = = 100 uF. When 90 V is connected across the 
(200 uF) +(200 uF) 


combination, only | 45 V | appears across each individual capacitor. 


FIG. P26.68 


à). Cy= R= Se 


d | AV, 
When the dielectric is inserted at constant voltage, 
C = KCg = Q ; 
AV) 
2 
PEO 
m 
2 
T C(AVY : KCo (AV; ) 
2 2 
and Er -K. 
Uo 


The extra energy comes from (part of the) electrical work done by the battery in separating 
the extra charge. 


(b) Qo =CoAVo 
and Q=CAV, =KC,AV, 


Q 
Qo 


so K |. 


100 
P26.70 


P26.71 


P26.72 
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The vertical orientation sets up two capacitors in parallel, with equivalent capacitance 


(A2) eA) (est) A 
da IQ 2 d 


C 


where A is the area of either plate and d is the separation of the plates. The horizontal orientation 
produces two capacitors in series. If f is the fraction of the horizontal capacitor filled with dielectric, 
the equivalent capacitance is 


10 fa -pi [fxü-0| 4. pefo «e Jas 
C, Ka A eA K ep Ae ? |f«xü-f)| d ` 
Requiring that C, =C, gives MU "eene (c - 1f -x(1- f)]- 2« . 


For « = 2.00, this yields 3.00[2.00 — (1.00) f ] = 4.00 , with the solution f = : ; 


Initially (capacitors charged in parallel), 
qı =C, (AV) = (6.00 wF)(250 V) 21500 4C 
q2 = C2(AV) = (2.00 uF)(250 V) = 500 4C. 


After reconnection (positive plate to negative plate), 


4 1 
diat 7 -92 71000 4C and AV" = eet = 1000 AE 


=125 V. 
C otal 8.00 HF 


Therefore, 


qi, =C,(AV’) = (6.00 uF)(125 V) =| 750 uC 


q} = Cy(AV") = (2.00 uF)(125 V) =| 250 uC |. 


Assume a potential difference across a and b, and notice that the potential difference across the 
8.00 uF capacitor must be zero by symmetry. Then the equivalent capacitance can be determined 


from the following circuit: 
4.00 uF 4.00 uF 
; p — 4 900 UF 6.00 uF | 3.00 uF , 
a 
ET 
2.00 uF 2.00 uF 


FIG. P26.72 


Ca - [3.00 y |. 


P26.73 


P26.74 


P26.75 
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E max Occurs at the inner conductor's surface. 


Eu ake from Equation 24.7. 


max 
a 


AV = akama 2) from Example 26.2 
a 


AV 
Fas zd 
aln(b/a) 


AV = Enan 2) = (18.0 10° V/m)(0.800 x 10? mn one E 19.0 kV |. 
a 0.800 


E= ME AV =2kA m(2) 
a a 


m(2)=1 or P so | a= 
a a 


By symmetry, the potential difference across 3C is zero, so the circuit reduces to 


E 
Cup 1 + 1 Ge ae ; 
“ (2C 4C 6 3 


Eee 


FIG. P26.75 
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P26.76 


*P26.77 
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The electric field due to the charge on the positive wire is perpendicular to the wire, radial, and of 
magnitude 
A 


E,- . 
un —. 


The potential difference between wires due to the presence of this charge is 


+wire À d dr 3 (P =) 
In ; 


AV; =- [E-dr 


pan Ae gh XE 


The presence of the linear charge density —A on the negative wire makes an identical contribution 
to the potential difference between the wires. Therefore, the total potential difference is 


AV = (AV) ——1n| P=4 
! T € d 


and the capacitance of this system of two wires, each of length /,is 


Q u At Io et 
AV AV (Alze)m[D-4)/4]  In[(D-d)/a] 


Cs T €o 
£ m(D-4)/d] | 


The capacitance per unit length is: 


The condition that we are testing is that the capacitance increases by less than 10%, or, 
C! 


<1.10. 
C 
Substituting the expressions for C and C' from Example 26.2, we have, 
an eee 
Co ut Gin) 
2k, In(£) 


This becomes, 


w^) « E n = Lom? ) + naoi) = 110%n( —1.101n(1.10).. 
a 1.10a a 1.10 a 


We can rewrite this as, 


-0.401n(2) « -110In(1.10) 
a 


11.0 


w^) > 11.01n(1.10) = In(1.10) 
a 

where we have reversed the direction of the inequality because we multiplied the whole expression 
by -1 to remove the negative signs. Comparing the arguments of the logarithms on both sides of the 
inequality, we see that, 


Bs (110)? 2285. 
a 


Thus, if b > 2.85a, the increase in capacitance is less than 10% and it is more effective to increase £. 
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ANSWERS TO EVEN PROBLEMS 


P26.2 


P26.4 


P26.6 


P26.8 


P26.10 


P26.12 


P26.14 


P26.16 


P26.18 


P26.20 


P26.22 


P26.24 


P26.26 


P26.28 


P26.30 


P26.32 


P26.34 


P26.36 


P26.38 


(a) 1.00 uF ; (b) 100 V 

(a) 8.99 mm; (b) 0.222 pF; (c) 22.2 pC 
111 nF; 26.6 C 

3.10 nm 


(2N -1) € (z - 9)R? 
d 


243 x1016 m? 


mgd tan 0 
q 


(a) 17.0 uF ; (b) 9.00 V ; 
(c) 45.0 uC and 108 „C 


1.83C 


C C? C C? 
DRE ise C, and -4| GC. 
2 4 P 2 4 P 


(a) 2C ; (b) Q1 > Q3 > Q2; 

(c) AV, > AV, =AV3; 

(d) Q4 and Q, increase and Q, decreases 
(a) 398 uF in series; (b) 2.20 uF in parallel 


19.8 uC 


83.6 uC 


4.47 kV 


energy doubles 


251x10? m? =2.51 L 


(a) 400 uC ; (b) 2.50 kN/m 


P26.40 


P26.42 


P26.44 


P26.46 


P26.48 


P26.50 


P26.52 


P26.54 


P26.56 


P26.58 


P26.60 


P26.62 


P26.64 


(av)? 

3 
(d) Positive work is done on the system by 
the agent pulling the plates apart. 


R 
1Q and a= RQ ; 
R, +R, R, +R, 
(b) see the solution 


(a) C(AV)?; (b) A, (c) 4C 


L 


(a) qı = 


(a) 13.3 nC ; (b) 272 nC 


—10 5 F and —10? V for two 40 cm by 
100 cm sheets of aluminum foil 
sandwiching a thin sheet of plastic. 


(a) 1.53 nF ; (b) 184 nC ; (c) 184 C/m? 
free; 183 uC/m? induced; (d) 694 V/m 


(a) (-9.10i +8.40j) pC-m; 

(b) -20.9 nN -mk ; (c) 112 nJ; (d) 228 nJ 
579 V 

(a) 3.33 uF ; 

(b) AV; 260.0 V ; AV, =30.0 V ; 

AV, 260.0 V ; AV, 230.0 V ; 

(c) Q3 2 Qr 2180 uC ; Q; =Q, 7120 uC; 
(d) 13.4 mJ 

189 kV 

(a) 40.0 4j; (b) 500 V 

yes; 1.00 Mm/s 

23.3 V ; 267 V 


€ [^ + lx(K — 1) 
2 ; 
eo (AV) | + xe - 1)] 
2d ' 
9 Ê (AV)? t( —1) 
2d 
(d) 1.55 mN left 


(a) 


(b) 


to the left ; 
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P26.66 Gasoline has 194 times the specific energy 
content of the battery, and 727 000 times 


that of the capacitor. 


P26.68 see the solution; 45 V 


P26.72 


P26.74 


P26.76 


3.00 uF 


see the solution 


see the solution 


Current and Resistance 


CHARTER OUTLINE ANSWERS TO QUESTIONS 


27.1 Electric Current 
27.2 Resistance 
27.3 A Model for Electrical 


Q27.1 Individual vehicles—cars, trucks and motorcycles—would 
Conduction correspond to charge. The number of vehicles that pass a 


27.4 Resistance and certain point in a given time would correspond to the current. 
Temperature 
27.5 Superconductors Q27.2 


27.8... Electric Power Voltage is a measure of potential difference, not of current. 


"Surge" implies a flow—and only charge, in coulombs, can flow 
through a system. It would also be correct to say that the victim 
carried a certain current, in amperes. 


Q27.3 Geometry and resistivity. In turn, the resistivity of the material 
depends on the temperature. 


Q27.4 Resistance is a physical property of the conductor based on the 
material of which it is made and its size and shape, including 
the locations where current is put in and taken out. Resistivity 
is a physical property only of the material of which the resistor 
is made. 


Q27.5 The radius of wire B is J3 times the radius of wire A, to make its cross-sectional area 3 times larger. 


Q27.6 Not all conductors obey Ohm’s law at all times. For example, consider an experiment in which a 
variable potential difference is applied across an incandescent light bulb, and the current is 
measured. At very low voltages, the filament follows Ohm’s law nicely. But then long before the 


AV : PE 
filament begins to glow, the plot of T becomes non-linear, because the resistivity is temperature- 


dependent. 


Q27.7 A conductor is not in electrostatic equilibrium when it is carrying a current, duh! If charges are 
placed on an isolated conductor, the electric fields established in the conductor by the charges will 
cause the charges to move until they are in positions such that there is zero electric field throughout 
the conductor. A conductor carrying a steady current is not an isolated conductor—its ends must be 
connected to a source of emf, such as a battery. The battery maintains a potential difference across 
the conductor and, therefore, an electric field in the conductor. The steady current is due to the 
response of the electrons in the conductor due to this constant electric field. 
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Q27.8 


Q27.9 


Q27.10 


Q27.11 


Q27.12 


Q27.13 


Q27.14 


Q27.15 


Q27.16 


Q27.17 


The bottom of the rods on the Jacob’s Ladder are close enough so that the supplied voltage is 
sufficient to produce dielectric breakdown of the air. The initial spark at the bottom includes a tube 
of ionized air molecules. Since this tube containing ions is warmer than the air around it, it is buoyed 
up by the surrounding air and begins to rise. The ions themselves significantly decrease the 
resistivity of the air. They significantly lower the dielectric strength of the air, marking longer sparks 
possible. Internal resistance in the power supply will typically make its terminal voltage drop, so 
that it cannot produce a spark across the bottom ends of the rods. A single “continuous” spark, 
therefore will rise up, becoming longer and longer, until the potential difference is not large enough 
to sustain dielectric breakdown of the air. Once the initial spark stops, another one will form at the 
bottom, where again, the supplied potential difference is sufficient to break down the air. 


The conductor does not follow Ohm’s law, and must have a resistivity that is current-dependent, or 
more likely temperature-dependent. 


A power supply would correspond to a water pump; a resistor corresponds to a pipe of a certain 
diameter, and thus resistance to flow; charge corresponds to the water itself; potential difference 
corresponds to difference in height between the ends of a pipe or the ports of a water pump. 


The amplitude of atomic vibrations increases with temperature. Atoms can then scatter electrons 
more efficiently. 


In a metal, the conduction electrons are not strongly bound to individual ion cores. They can move 
in response to an applied electric field to constitute an electric current. Each metal ion in the lattice 
of a microcrystal exerts Coulomb forces on its neighbors. When one ion is vibrating rapidly, it can set 
its neighbors into vibration. This process represents energy moving though the material by heat. 


The resistance of copper increases with temperature, while the resistance of silicon decreases with 
increasing temperature. The conduction electrons are scattered more by vibrating atoms when 
copper heats up. Silicon’s charge carrier density increases as temperature increases and more atomic 
electrons are promoted to become conduction electrons. 


A current will continue to exist in a superconductor without voltage because there is no resistance 
loss. 


Superconductors have no resistance when they are below a certain critical temperature. For most 
superconducting materials, this critical temperature is close to absolute zero. It requires expensive 
refrigeration, often using liquid helium. Liquid nitrogen at 77 K is much less expensive. Recent 
discoveries of materials that have higher critical temperatures suggest the possibility of developing 
superconductors that do not require expensive cooling systems. 


In anormal metal, suppose that we could proceed to a limit of zero resistance by lengthening the 
average time between collisions. The classical model of conduction then suggests that a constant 
applied voltage would cause constant acceleration of the free electrons, and a current steadily 
increasing in time. 

On the other hand, we can actually switch to zero resistance by substituting a 
superconducting wire for the normal metal. In this case, the drift velocity of electrons is established 
by vibrations of atoms in the crystal lattice; the maximum current is limited; and it becomes 
impossible to establish a potential difference across the superconductor. 


Because there are so many electrons in a conductor (approximately 10? electrons/ m?) the average 
velocity of charges is very slow. When you connect a wire to a potential difference, you establish an 
electric field everywhere in the wire nearly instantaneously, to make electrons start drifting 
everywhere all at once. 


Q27.18 


Q27.19 


Q27.20 


Q27.21 


Q27.22 
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Current moving through a wire is analogous to a longitudinal wave moving through the electrons of 
the atoms. The wave speed depends on the speed at which the disturbance in the electric field can 
be communicated between neighboring atoms, not on the drift velocities of the electrons 
themselves. If you leave a direct-current light bulb on for a reasonably short time, it is likely that no 
single electron will enter one end of the filament and leave at the other end. 


More power is delivered to the resistor with the smaller resistance, since ? = 


The 25 W bulb has a higher resistance. The 100 W bulb carries more current. 


One ampere-hour is 3 600 coulombs. The ampere-hour rating is the quantity of charge that the 
battery can lift though its nominal potential difference. 


Choose the voltage of the power supply you will use to drive the heater. Next calculate the required 
2 


resistance R as Knowing the resistivity o of the material, choose a combination of wire length 


D 
£ 
and cross-sectional area to make (=) = (2) You will have to pay for less material if you make both 
p 


é and A smaller, but if you go too far the wire will have too little surface area to radiate away the 
energy; then the resistor will melt. 


SOLUTIONS TO PROBLEMS 


Section 27.1 Electric Current 


P271 


P27.2 


I- M AQ =IAt= (30.0 x10° A)(40.0 s)-120x10? C 
Q 1.20 x 10° C 


=| 7.50 x10” electrons 


e 160x10” C/electron 


The molar mass of silver =107.9 g/mole and the volume V is 
V = (area)(thickness) = (700 x 10 m?)(0.133x 10? m)- 9.31 «105 m°. 
The mass of silver deposited is ma, = pV = (10.5 x 10? kg/m? (9.31 x10% m°) -978x10? kg. 


And the number of silver atoms deposited is 


6.02 x 10? atoms \ 1000 g 
107.9 g 1kg 


N =(9.78 x10? zi | - 545 x 10? atoms 


AV 120 V 
R 1800 
AQ Ne (545x10? 160x107? C) 

CI dc 6.67 C/s 


6.67 A 2 6.67 C/s 


At =1.31x10* s=| 3.64h 


108 Current and Resistance 


P27.3 Q(t) = fiat = Io «a = et | 
0 


(a) Q(z) = Ior(1 - e) - [ (0.63217 


(b) Q(107) = Ioz(1- e™) =| (0.999 95)1,7 


(c) Q(») = Ior(1-e7*)- | or 


2 2 PC 
P27.4 (a) Using me = SS, we get: v= JaN 219x105 m/s |. 
r r mr 


(b) The time for the electron to revolve around the proton once is: 


2r 2n(5.29 x10 m) ere 
v — (249x105 m/s) 


The total charge flow in this time is 1.60 x 10 C , so the current is 


j 160x10” C 


-21.05x10? A-[1.05 mA |. 


1.52x10 76 s 
P27.5 The period of revolution for the sphere is T = en , and the average current represented by this 
to, 
revolving charge is I = E ELM A 
T :|2x 


P27.6 q=4t? +5t+6 


1.00 m 
100 cm 


A= (2.00 cm? Í i = 2.00 x10% m? 


(a) 1(1.00 s) = eal 


E (a6 = 2 E ED 


t=1.00 s 


I 17.0 A 5 
b J2—- =| 85.0 kA/m 
Œ) A 200x10% m? / 


_4 
~ dt 
1/240 s 
q=[dq=[Idt= | (100 aain £08 i 
0 S 


IUe cof =] cos0 |= Ue =| 0.265 C 
2 1207 


P27.7 I 


P27.8 


P27.9 


P27.10 


(a) 


(b) 


(a) 


(b) 


(a) 


(b) 
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oe ms =|99.5 kA/m? 


^ s(400x10? mJ 


1 E ee ere: 
A, =742 80 2 (400x107?) AU 


ry = 2(400x107)-800x10? m - [800 mm 


-6 
j- 1... 80010 A - [155 Alm 


A z(1.00x10? m) 


2.55 A/m? 
From J 2nev,,wehave n= J = p /m =| 5.31x10!° m? 


eva (1.60x10- CJ(3.00x10* m/s) 


AQ Nae (6.02x107)(1.60x10-? C) 
SARK ae 8.00 x 105 A 


From [= X ,we have At 


=| 120x109 s |. 


(This is about 382 years!) 


The speed of each deuteron is given by K= Lm? 
(2.00 x106 )(1.60 x10” J) = ;e x 167 x10 7 kgJv? and 0-138x107 m/s. 
The time between deuterons passing a stationary pointistin I= 


a 
t 


10.0x10° C/s=1.60x10° C/t or t=1.60x10" s. 


So the distance between them is vt = (1.38 x 107 nys (1.60 x107 s) =| 221x107 m |. 


One nucleus will put its nearest neighbor at potential 


yes (89910? N-m?/C?)(1.60 x10 C) 


3 -649x10^? V. 
r 2.21x10 m 


This is very small compared to the 2 MV accelerating potential, so repulsion within the 
beam is a small effect. 
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Current and Resistance 


We use I2 ngAv,n is the number of charge carriers per unit volume, and is identical to the number 


of atoms per unit volume. We assume a contribution of 1 free electron per atom in the relationship 
above. For aluminum, which has a molar mass of 27, we know that Avogadro's number of atoms, 
N 4, has a mass of 27.0 g. Thus, the mass per atom is 


270g | 270g 


-23 
N, 602x102 —-449x10 ^ g/atom. 


c: density of aluminum _ 2.70 g / cm? 


Thus, 3 
mass per atom 449x10 ^ g/atom 


n26.02x10? atoms/ cm? = 6.02. x 10? atoms/ m?. 


ubl. 5.00 A 
ngA (6.02 107 m ? (1.60 x 10-7? C)(4.00 x10% m?) 


Or, v4 =| 0.130 mm/s i 


Therefore, — v, =1.30x10 m/s 


Section 27.2 Resistance 


*P27.12 


P27.13 


P27.14 


P27.15 


ae a TA (B+). 3.03 x10? A/m? 


p 244x108 O.mV 1V 
pon DUX. LOB A SIS mA 
R 2400 


(a) Applying its definition, we find the resistance of the rod, 


AV 150V 
I 400x107 A 


=3750 Q=| 3.75 KQ |. 


(b) The length of the rod is determined from the definition of resistivity: R = 5. . Solving for ¢ 


and substituting numerical values for R, A, and the value of p given for carbon in Table 27.1, 
we obtain 


RA (375x10? 2)(5.00 x10 m?) 


£22—- . - [586 m |. 
p (3.5010? Q-m) 
AV - IR 
2 
ad. Roo A- (0.600 mmy?| 209 | _ 600x107 m? 
A 1000 mm 
Ipt AVA (0900 V)(600x107 m?) 
AV 2E. Is E 


pt (5.60 x10? Q-m)(1.50 m) 


T=|643 A 


P27.16 


P27.17 


*P27.18 


P27.19 


I 3.00 A 


J=— =E= = = 0(120 N/C) 
aT (0.012 0 m) 
o =55.3(Q-m) | p=+=)00181 0m 
c 
(a) Given M-2p,V-2p,A6 — where 
we obtain: A-——. Taking p, = resistivity, 
Pal 
MR (1.00 x 10? (0.500) 
Thus, p= = 3 s 
PrPa  V(170x10 (8.9210?) 
(b) V= e ij or 
Pa 


M 1.00 x 10-3 
Thus, r= = 
"pi! Va(892x10? 1.82) 


The diameter is twice this distance: 


The volume of the gram of gold is given by p= - 


m 10? kg 
p 193x10? kg/m? 
A=2.16x107!! m? 
pl 244x107 Q-m(24x10° m) 
A 2.16 x 107"? m? 


-518x10? m? = A(2.40 x 10? m) 


=| 271x105 Q 


(a) Suppose the rubber is 10 cm long and 1 mm in diameter. 


pi ápe (10? O-mJ10" m) 


A Vg ETE a) 2-105 Q 


R= 


apt 417x107 Q-mJ(10? m) 


(b) R= ~107 0 


zd? z(2x10? mJ 


pe 51108 V. 
R 1050 
" 10? V 
107 Q 


—10716 A 


(c) 


~10° A 


Chapter 27 


p, = mass density, 


111 


ELM Prt p.p, 
A Mp M 
/[2|1.82m |. 
qp. 
Pa 


r 2140x105 m. 


diameter = 


280 um |. 
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90.0 g 


P27.20 The distance between opposite faces of the cube is / 1 


10.5 g/cm? 


pg. PLU PE p 159x107 Q-m 


(a) 


=7.77 x107 Q =| 777 nQ 


A (€? £ 205x10°m 


j- AV 100x107 V 
R 777x107 Q 

. 10.5 g/cm? 
~ 107.87 g/mol 


(b) =129 A 


(6.02 x10” electrons/mol) 


6 om3 
n= (5.86 x10” electrons/cm? i A | = 5.86 x 1075 /m? 


1.00 m? 
12.9 C/s 


1/3 
| = 2.05 cm. 


I-nqoA and v= 


£/3 0 
P2721 Originally, R=. Finally, R; =" (4/3) pt [R 
A 3A 9A |9 


p l 
P27.22 Pal __Pcut 


afra) nre.) 


fou. VW Pea 170x105 


ngA (5.86 x10% /m?)(1.60 10-9 C)(0.020 5 m)? 


=| 3.28 umj/s 


J 600x10" A/m? 
o=>—= = 
E 100 V/m 


P27.23 J=0E so 


6.00 x 10? (Q-m)" 


R= 15 " pata ih * Poly 
Ay A, d 


(400510? -m)(0.250 m) + (6.00 10? Q-m)(0.400 m) 


P27.24 


= 2.47 x10 ^ s 


5 378 Q 
-8 
(3.00 x10 m) 
Section 27.3 A Model for Electrical Conduction 
P2728 p= 
nq^c 
» - (91110?!) 
ac = 
png? (1.70 x 105 (8.49 " 10% (1.60 x 1077) 
E 
Ug = IE D: 
m 
(1.60 «10-2 )E(2.47 x 107^) 
so 7.84x10 4 = 


9.11 x 10?! 


Therefore, E 


0.181 V/m |. 


P27.26 


P27.27 
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(a) nis unaffected 


I 
(b) lina Ss 


so it | doubles |. 


(c) J=nev, 


so v4 | doubles |. 


(d) D Ed is unchanged | as long as ø does not change due to a temperature change in the 
nq 
conductor. 
From Equation 27.17, 


m, 911x107?! 


nj (8.49 x 107 (1.601079) (1701075) 
¢=vt =(8.60x10° m/s\(2.47 x107* s)- 2112x10* m- [212 nm 


—-247 x10 ^ s 


T 


Section 27.4 Resistance and Temperature 


P2728 


P27.29 


At the low temperature Tc. we write Rc = T- = Ro[1 a(Tc - T;)] where T, = 20.0°C . 

C 

V AV 
Atthe high temperature T, , R, = a = a zd [1 +a(T;, -To )] 

h 
M (AV)/(1.00 A) 1*(390x10?)(38.0) 

en = 
(AV)Ic  1+(3.90 x 107° )(-108) 
and Ic = (1.00 A oos - [198A |. 
0.579 

R - Ry [1 a(AT)] gives 140 Q = (19.0 opi « (450x107? far] 
Solving, AT -142x10? °C =T-20.0°C. 


And, the final temperatureis | T 2 1.44x10? °C |. 
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P2730  R-R,«R, =R,[1+a,(T-Ty)]+R,[1+a,(T-Ty)| 
0- R,a,(T - Ty) R,a,(T - To) so R, - -R, — 
R=-R, +R, 
Gc 


-1 -1 
R, -ni- 2) R, -i-2- 
C. ay 


(0.400 «10? /^C) p 
-0.500 x10 /*C) 


R, 210.0 ai l 


R, =5.56 kQ and — [R, 2444 KO 


P27.31 (a) P= po[1 + a(T -7))]- (282x10* 0. mi +3.90 x 10? (30.0)] 2|315x10? Q-m 


200 V 
() aE 020 Vm 635x105 A/m? 
p 315x10? Q.m 
72 x(1.00 x10" mJ" 
(c) raz |- (ease A/m?) 7 =| 49.9 mA 


23 
(d) n= o GIECBONE — 6.02 x 10% electrons/ m? 


[2698 g/(270»10* g/m’)| 


a ee 
i (6.02 107 electrons/m? (1.60 x 10? C) 


ne 


(e)  AV=E¢=(0.200 V/m)(2.00 m) - | 0.400 V 


P27.32 For aluminum, 


ap -390x10? °C (Table 27.1) 


a -2A0x10 $ °C (Table 19.1) 
R- pb Po(1t+a,AT)é(1 E GMAT) E (1 a@,AT) 4 ) 1.39 -ITO 
A A(1+ @AT) (1+ @AT) 1.002 4 


Chapter 27 
P2733 =R=R,[1+aT] 
R-R 
2 = aT = (5.00 x 10°) 25.0 =[ 0.125 
0 
P27.34 Assuming linear change of resistance with temperature, R = R,(1+ @AT) 
Roy x = (1.00 oj «(8.92 x10? (-216°C)]= 0.153 Q ]. 
= _ 1] pw E 
P27.35 J p-pg(1* aAT) or ATy 2——|-——-1 
aw \ Pow 
1 4(1.70 x 10°*) : 
Require that -4 so that ATy = 1 |=47.6°C. 
a P TEPPIR: W (450x10°/C] 5.60x10° 
Therefore, Tw = 47.6°C + To =| 67.6°C |. 
Section 27.5 Superconductors 


Problem 48 in Chapter 43 can be assigned with this section. 


Section 27.6 Electric Power 
po7.36 1- -VW [00A 
AV 120V 
and pee ws 24.0 Q |. 
I 500A 
*P27.7 P= IAV=500x 10° A(15 x 10? v) =|7.50W 

P27.38 | $-0.800(1500 hp)(746 W/hp) = 8.95 x 10° W 

P=IAV 8.95 x 10° = I(2 000) 
P27.39 The heat that must be added to the water is 


Q - mcAT = (1.50 kg)(4186 J/kg°C)(40.0°C) = 251x105 J. 


Thus, the power supplied by the heater is 


usb s 251x105] 
^ At At 6008 


= 419 W 


(AV)? (110 V)’ 
? 49W 


=| 28.9 Q |. 


and the resistance is R= 


448 A 
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*P27.40 


P27.41 


P27.42 


The battery takes in energy by electric transmission 


3 600 s 
1h 


AME =(AV)I(At) - 23 J/C(135 10? C/s)4.2 Y = 469 J. 


It puts out energy by electric transmission 


3 600 s 
th 


(AV)I(At)=1.6 J/C(18x10? C/s)2.4 Y = 249 J. 


useful output 249] _ 
totalinput — 469] 


0.530 


(a) efficiency = 


(b) The only place for the missing energy to go is into internal energy: 


469 J = 249 J+ AE, 
AE =| 221J 


int — 


(c) We imagine toasting the battery over a fire with 221 J of heat input: 


Q 2 mcAT 


apa = 21] — kg'C 
mc 0.015kg 975] 


9 (AV)? /R (z 2) ie 
4 (AW) /R AV, 120 l 


15.1°C 


A% = 2 — Jaco - (= = 100% = (1361 —1)100% = [36.1% 
“0 “0 


2 
a A UT 
(500 W) 
2 
Fe RA (24.2 Q)a(2.50 x10% m) 
(a) R=—¢ so l= = = 
A p 150x10% Q-m 


(b  R=Ro[1+&AT]= 242 e + (0.400 x 10? (1 180) -3560 


(AV) (110)? 
R 35.6 


9 340W 


=/|3.17m 
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s pt. (15010 0 mps0 m 


;— = 298 Q 
A 2(0.200 x10? m) 


P27.43 


AV = IR = (0.500 A)(298 Q) 2149 V 


à)  r.AV.18V 
¢ / 250m 


597 V/m 


(b) P? =(AV)I - (149 V)(0.500 A) =| 74.6 W 


(c) R - Ry [t « a(T - T;)]- 298 al + (0.400 x10? /°c}s20°C| = 337 0 


I- AV (149 V) -0.443 A 


R (3379) 
P =(AV)I = (149 V)(0.443 A) -[ 661 W 


P27.44 (a) AU = q(AV) = I(AV) = (55.0 A- h)(12.0 ví us I 1J (Es) W-h=| 0.660 kWh 


LTA-sALV-C 1J 

0.060 0 

(b) Cost = 0.660 kWh ? =| 3.96€ 
1kWh 

P27.45 £=I(AV) AV =IR 
2 2 
A ; 
P= DE doo 0.833 W 
R 120 
*P2746 (a) The resistance of 1 m of 12-gauge copper wire is 
4(1.7 x10? O-m|1 m 
pir zl 04. f | -514x10? Q. 


A a(d} zd z(0.205 3 x 10? mJ 


The rate of internal energy production is ? = IAV = I?R = (20 Ay514x10? Q=| 2.05 W]. 


P4p a6 


b Pa =IR= 
( ) Al zd? 


Ju Pw p 1282x107 Q-m 


N 3 2.05 W =| 3.41 W 
Ra Pou 1.7x10° Q-m 


Aluminum of the same diameter will get hotter than copper. 
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P27.48 


P27.49 


P27.50 
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The energy taken in by electric transmission for the fluorescent lamp is 


3 600 
Pt =11 J/s(100 nf ik >) —-3.96 x10 J 
cost = 3.96 x 10° (22) K |Ws| h | _ 40 ogg 
kWh j| 1000 J J 3600s 
For the incandescent bulb, 
At = 40 W(100 wf? TT >) -144x10" J 
cost 2 1.44 x 10" J ML - $0.32 
3.6x10É J 
saving = $0.32 — $0.088 =| $0.232 


The total clock power is 


(270 x 106 clocks 2.50 


out 


From e= 
in 


Qu. Wour/At _ 243x10P J/h 


1h 


, the power input to the generating plants must be: 


At e 


and the rate of coal consumption is 


Rate - (972x107? ys 


? = (AV) =(1.70 AY110 V) 2187 W 


1.00 kg coal 
33.0x 


109 J 


0.250 


IE 2.95x10? kg coal/h = 


Energy used in a 24-hour day - (0.187 kW)(24.0 h) = 4.49 kWh 


$0.060 


0 


“cost = 4.49 kWh 
kWh 


? = IAV = (2.00 A)(120 V) 


) = $0.269 = 


= 240 W 


26.9¢ 


AE int = (0.500 kg)(4186 J/kg-°C)(77.0°C) = 161 kJ 


Apo BER _ 1.6110" J _ 
9 240W 


672 s 


J/s [ARS )- nas ao? J/h. 


clock 


2972x10P? J/h 


295 metric ton/h l. 


P27.51 


*P27.52 


P27.53 


Chapter 27 
At operating temperature, 
(a) ? = IAV —- (1.53 A)(120 V) =| 184 W 
(b) Use the change in resistance to find the final operating temperature of the toaster. 
R=R,(1+aAT) e piel <h + (0.400 x 10?Jar] 
153 180 
AT = 441°C T = 20.0°C + 441°C =| 461°C 


You pay the electric company for energy transferred in the amount E = At 


4 
(à PAt=40 W(2 weeks | E ) i í 1J )- 48.4 MJ 
1 week 1d 1W.s 


4 At = 40 W(2 weeks | — IE 24 dE =13.4 kWh 
1 week 1000 


? At = 40 W(2 Moin : = at 000 I TI =| $1.61 


(D £At=970 W(3 min = 3 =| $0.005 82 |= 0.582€ 
J; ax E 


60 min ^ 1000 A kWh 


(c) P At=5 200 W(40 a ne " : (3 $) =| $0.416 


Consider a 400-W blow dryer used for ten minutes daily for a year. The energy transferred to the 
dryer is 


1 kWh 


PAtH=(4 d d)=9x107 
PAt=(400 J/s)(600 s/d)(365 d) «9 x 10 IEEE 


Jo kWh. 


We suppose that electrically transmitted energy costs on the order of ten cents per kilowatt-hour. 


Then the cost of using the dryer for a year is on the order of 


Cost «(20 kWh)($0.10/kWh) = $2| — $1 |. 
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Additional Problems 


AV)” 
P2754 (a) | 1-ÀV so penya D 
R R 
AV) (120 V)? AV)? (120 V)? 
r=! eas ) =| 5760 and R=! wees ) =| 1440 
$8 25.0 W P? 100 W 
(b) I _ 25.0 W 05994. 9.100€ 
AV 120V At At 
At= WUC- 4.80 s 
0.208 A 
The bulb takes in charge at high potential and puts out the same amount of charge at low 
potential. 
(c) ?=25.0 W = AU < HONI At = w 0.0400 s 
At At 25.0 W 
The bulb takes in energy by electrical transmission and puts out the same amount of energy 


by heat and light. 


(d) — AU-sM -(250 J/s)(86 400 s/d)(30.0 d) = 64.8 x 108 J 


The electric company sells | energy |. 


Cost = 64.8 x 105 y{ 90.0700 k Wes) B |- gig 
kWh 1000] J }\ 3600s 


$0.070 0 | kWh | a 


$1.94 x 10° /J 


Cost per joule = 


kWh (| 3.60x10° J 
a , 1 1Q? 
*P27.55 The original stored energy is U; = 5 QAV; = C 


(a) When the switch is closed, charge Q distributes itself over the plates of C and 3C in parallel, 
Q 


presenting equivalent capacitance 4C. Then the final potential difference is | AV; = 4C for 
both. 
(b) The smaller capacitor then carries charge CAV; = £c = £ . The larger capacitor carries 
charge 3c 2 = 3Q : 
4C 4 
(c) The smaller capacitor stores final ener Lefay 5 ae qd Q J = os The larger 
p PECE T oa Yay leah a 
, 1, QY 130? 
t 3C = f 
capacitor PosscssccCneley.. (2) 32€ 
Or 80" 40: 
(d) The total final energy is 32€ + 3C BC” The loss of potential energy is the energy 
ee l uec ur 3Q? 
appearing as internal energy in the resistor: — =—— + AE; AE. -|—— |. 
PP 8 8y 2C 8C int int 8C 


P27.56 


P27.57 


P27.58 


P27.59 


P27.60 
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We find the drift velocity from I=nqvgA - nqo4zr? 


1000 A 
eae 2 ; = 2.34x10~ m/s 


ngar’ 849x10% m ?(1.60x107? C)æ(10? m) 


x , x 200 x10? m 


-8.54x10? s=] 27.0 yr 


UE Dig 4 
t v 234x10^ m/s 
d Soc : P i 1 dp 
We begin with the differential equation a= 24T 
p 
£ dp T 
(a) Separating variables, J —- f adT 
po^ Uh 
«(2 - a(T - Ty) and p= pet) 
Po 
(b) From the series expansion e* =1+x, (x ««1), 


p= py[1* a(r -1,)] ; 


The resistance of one wire is (23779 Jum mi)-50.0 Q. 
mi 


The whole wire is at nominal 700 kV away from ground potential, but the potential difference 
between its two ends is 


IR = (1000 A)(50.0 Q) — 50.0 kV . 


Then it radiates as heat power ? =(AV)I = (50.0 x10? va 000 A) =| 50.0 MW |. 


_RA_(AV)A f(m) RQ) p(O0-m) 


© I? 0.540 104 141x105 
1028 211 150x105 
1543 31.8 1.50x10° 


p-|147 x10 5 Q-m | (in agreement with tabulated value of 1.50 x 10 Q-m in Table 27.1) 


2 wires > / 100m 


R- 0.108 Q 
300 m 


(100 m) =0.0360 Q 


(a) —— (AV), = (AV) ne - IR = 120 — (110)(0.036 0) - | 116 V 


(b) # =1(AV) = (110 A)(116 V) =| 12.8 kW 


(c) Paires = TR = (110 A)? (0.036 0 Q) =| 436 W 
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P27.61 


P27.62 


P27.63 


P27.64 
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; —(0-400)V z 
THE om )V [800i V/m 
dx (0500-0)m 
400 x10 ? Q-m)(0.500 m) 
(b) -æl | ;—— - [0637 Q 
A a(1.00 x10% m) 
T _AV _ 400V [cov 
R 06370 
(  Jeli-...99^ —— 200x101 A/m? = 


A z(1.00 x10% m) 


200i MA/m? 


(e) pf = (400 x10? Q-m)(2.00 x 108i A/m?)=8.00i V/m=E 


dV(x) + ^ 
(a) jo UE 
dx L 
pt | ApL 
b Raf aN en 
(b) urs 
Vrd? 
o B®- 
R | 4L 
d usse 
A pL 
V^ 
=—i=|E 
(e) pJ 5 


1| R 
R=R,[1+a(T-Ty)] so roms] 4 | To + 


I 1 
In this case, I=, so T=T,+—(9)=20° 
10 a 


g- AV 120 600 


E 1. 
a| I 


9 


I I 5300) 


120V | 


Therefore, R= 


600A — 


2.00 0 |. 


0.00450/°C - 


2 020°C |. 


thus 12.07 -36.0 = 6.00] and I=6.00 A. 


P27.65 


P27.66 


P27.67 
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(a) $ -IAV 
o 3 

Weine gI _ 8.00 x10 Wo 667 Al. 
AV 12.0V 


AU 200x107] 
P  800x10 W 


(b) At = 2.50 x10? s 


and Ax = vAt = (20.0 m/s)(2.50 x 10? s)=[50.0 km]. 


E poll + a(T -Ty)|fo[1 + (T - ;)] 
A! Ap[1+2a'(T-Ty)] 


y 


(a) We begin with 


R,[1+a(T-T)]1+ (T - 7;)] 
[1 «2a'(T -7;)] 


which reduces to R= 


(b) For copper: Py =1.70x 10% Q-m, æ =3.90 x10 °C, and a' 2170x105 °C 


170 x 10? (2.00) 


R ET S 


: ;--|1080]. 
Ao (0.100 x10?) 


The simple formula for R gives: 


R=(1.08 oj «(590x10? °C aoc - 20.0°C)| -[14200 


while the more complicated formula gives: 
(1.08 oj «(590x10? °c yao.o*c) [1 «(170x105 °c \(80.0°C)| 
[1 +2(17.0x10-° °C )(80.0°C)| 


1.418 9 |. 


Let abe the temperature coefficient at 20.0°C, and a’ be the temperature coefficient at 0 °C. Then 
p^ po [1 +a(T- 20.0*C)] ,and p- p -a'(T — 0°C)] must both give the correct resistivity at any 


temperature T. That is, we must have: 
poll +a(T -20.0°C)|=p'[1+a'(T-0°C)]. (1) 
Setting T =0 in equation (1) yields: p'-7 p [1 - a(20.0°C)] A 
and setting T = 20.0°C in equation (1) gives: Po = p| + a'(20.0°C)] : 
Put p’ from the first of these results into the second to obtain: 
Po = po[1 - a(20.0* C) 1 + @'(20.0°C)]. 


continued on next page 
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1 


Theref 1+a@'(20.0°C) = ————— 
erefore a'( ) 1-a(200°C) 


a 


hich simplifies to ALL. 
i F 7 — [r-aQoocj] 


From this, the temperature coefficient, based on a reference temperature of 0°C, may be computed 
for any material. For example, using this, | Table 27.1 becomes at 0°C |: 


Temp Coefficients at 0°C 
41x10? /*C 
42x10 ?/^C 
3.6x10?/^C 
42xd0 ^C 
49 x10?/^C 
5.6 x10? /C 


4.25 x 10° /°C 
42x10 ^C 
0.4x10?/^C 

-0.5 x10 /^C 
-24x 10° /^C 

-30 x 10° /°C 


P27.68 (a) A thin cylindrical shell of radius r, thickness dr, and length L contributes resistance 


aR - £t pdr | p É 


A (Qar) 2zL)r- 


The resistance of the whole annulus is the series summation of the contributions of the thin 
shells: 


| -|2 In Tp ; 
AmL;r 27 L r 


a 


(b) In this equation zu L eb: 
I 2zL (r, 
27 LAV 


we solve for 


P= Tie(njn) | 


P27.69 


P27.70 


P27.71 


P27.72 


*P27.73 
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Each speaker receives 60.0 W of power. Using ? =I°R , we then have 


r= f2- [ew =3.87 A. 
R 4.00 Q 


The system is | not adequately protected | since the | fuse should be set to melt at 3.87 A, or less |. 


AV =-E-¢ or dV =—E-dx 
AV --IR --E-4 


d x 
d E. oy ec sus LA 
d R p p dx 


dV 
dx 


I 


Current flows in the direction of decreasing voltage. Energy flows as heat in the direction of 
decreasing temperature. 


gerer where ysy tx Face B Y 
A wy L ny V 
L E L = 2 
R=£ RE = pL m y, eral fe Mx 
way +|(v2 -vi)/L wy; - yi) L 0 
[| a y; FIG. P27.71 
R In 
w(y;-yXi) (1 


From the geometry of the longitudinal section of the resistor shown in the figure, C DM 
we see that h 


(b-r)_(b-a) 4 
y h 

y FIG. P27.72 

From this, the radius at a distance y from the baseis r=(a- by b. 


d 
For a disk-shaped element of volume dR = pu i R=£ f J zo 
ar ? o [(a—b)(y/h) +b] 
Using the integral formula J 2 j^^ : 7 R= p , 
(au+b) a(au +b) z ab 
(a) The resistance of the dielectric block is R = DE Um 
A cA 


K & A 


The capacitance of the capacitor is C = 


Then RC - d Keg À KS 
cA d 


is a characteristic of the material only. 


K& pkey 75x10 Q-m(3.78)8.85 x10? C? 


= =| 1.79x10" Q 
oC C 14x10 F N-m 


(b) R 
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AV 


PAY and R = E 


P27.74 Iz-Ig esek) -1 


B 


with I) =1.00x10° A, e2160x10 ? C, and kg =1.38 x10” J/K. 


The following includes a partial table of calculated values and a graph for each of the specified 


temperatures. 


(i) For T = 280 K: 


AV(V) HA)  R(Q) 
0.400 0.0156 256 
0.440 0.0818 538 
0.480 0.429 112 
0520 225 0.232 
0560 118 0.047 6 
0.600 616 0.009 7 


(ii) For T=300 K: 


AV(V) KA) RO) 
0.400 0.005 773 
0.440 0.024 181 
0.480 0114 4.22 
0.520 0534 0.973 
0560 251 0.223 
0600 118 0.051 0.45 


delta V (Volts) 


(iii) For T=320 K: 


AV(V) (A) R(Q) 
0.400 — 0.0020 203 
0.440 0.0084 52.5 
0.480 0.0357 13.4 
0520 0152 3.42 
0.560 0.648 0.864 
0.600 2.76 0.217 


delta V (Volts) 


FIG. P27.74(iii) 


*P27.75 


(a) 


Chapter 27 


Think of the device as two capacitors in parallel. The one on the left has x, =1, 


L 
Ay = (= + 3, . The equivalent capacitance is 


Ky eo Ar | Ka afa atia) 
d d d \2 


£(4 £ 
Td G x) 0 (042% +0 —2xx) |. 
d 2 2d 
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(b) The charge on the capacitor is Q = CAV 


€ CAV 
ary 
The current is 
I dQ dQdx ej 4AV 
dt dx dt 2d 


(£4 2x 4 f — 2x). 


(0+2+0-2x)v = 


€ LA Vv 


(x-1). 


The negative value indicates that the current drains charge from the capacitor. Positive 


current is | clockwise 


€ CAVo (ezi 


ANSWERS TO EVEN PROBLEMS 


P27.2 


P27.4 


P27.6 


P27.8 


P27.10 


P27.12 


P27.14 


P27.16 


P27.18 


P27.20 


P27.22 


P27.24 


P27.26 


P27.28 


P27.30 


3.64 h 


(a) see the solution; (b) 1.05 mA 

(a) 17.0 A; (b) 85.0 kA/m? 

(a) 99.5 kA/m? ; (b) 8.00 mm 

(a) 221 nm; (b) no; see the solution 
30.3 MA/m? 

(a) 3.75 kQ; (b) 536 m 

0.0181 Q-m 

2.71 MQ 


(a) 777 nQ; (b) 3.28 m/s 


IA. 129 
‘ou 


378 Q 


(a) nothing; (b) doubles; (c) doubles; 
(d) nothing 


198A 


carbon, 4.44 kQ ; nichrome, 5.56 kQ 


P27.32 


P27.34 


P27.36 


P27.38 


P27.40 


P27.42 


P27.44 


P27.46 


P27.48 


P27.50 


P27.52 


P27.54 


1710 

0.153 Q 

5.00 A, 24.0 Q 

448 A 

(a) 0.530; (b) 221 J; (c) 15.1°C 

(a) 3.17 m; (b) 340 W 

(a) 0.660 kWh ; (b) 3.96¢ 

(a) 2.05 W; (b) 3.41 W; no 

295 metric ton/h 

6725 

(a) $1.61; (b) $0.005 82; (c) $0.416 

(a) 576 Q and 144 Q; 

(b) 4.80 s; The charge is the same. The 
charge-field system is in a lower-energy 
configuration. 

(c) 0.040 0 s; The energy enters by electric 
transmission and exits by heat and 


electromagnetic radiation; 
(d) $1.26; energy; 194x10 ? $/J 
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P27.56 


P27.58 


P27.60 


P27.62 


P27.64 


Current and Resistance 


27.0 yr 
50.0 MW 
(a) 116 V ; (b) 12.8 kW ; (c) 436 W 


= V. d? 
(Rc Resp. e. 
L zd 4pL 


A 


(d) J= Ik ; (e) see the solution 
pL 


2.00 Q 


P27.66 


P27.68 


P27.70 


P27.72 


P27.74 


(a) see the solution; 
(b) 1.418 Q nearly agrees with 1.420 Q 


p Ty 27 LAV 
a) R= In; = 
e) 2mL r, (p Iln(r, /r,) 


see the solution 
see the solution 


see the solution 
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CHAPTER OUTLINE 


ANSWERS TO QUESTIONS 
28.1 Electromotive Force 


29.2 ee Uyseles aud Q28.1 The load resistance in a circuit is the effective resistance of all of 


28.3 Kirchhoffs Rules the circuit elements excluding the emf source. In energy terms, 
28.44 RC Circuits it can be used to determine the energy delivered to the load by 
28.5 Electrical Meters electrical transmission and there appearing as internal energy 
28:8 Deena he and to raise the temperature of the resistor. The internal resistance 

: of a battery represents the limitation on the efficiency of the 
chemical reaction that takes place in the battery to supply 
current to the load. The emf of the battery represents its 
conversion of chemical energy into energy which it puts out by 
electric transmission; the battery also creates internal energy 
within itself, in an amount that can be computed from its 
internal resistance. We model the internal resistance as 
constant for a given battery, but it may increase greatly as the 
battery ages. It may increase somewhat with increasing current 
demand by the load. For a load described by Ohm’s law, the 
load resistance is a precisely fixed value. 


Q28.2 The potential difference between the terminals of a battery will equal the emf of the battery when 
there is no current in the battery. At this time, the current though, and hence the potential drop 
across the internal resistance is zero. This only happens when there is no load placed on the 
battery—that includes measuring the potential difference with a voltmeter! The terminal voltage 
will exceed the emf of the battery when current is driven backward through the battery, in at its 
positive terminal and out at its negative terminal. 


Q28.3 No. If there is one battery in a circuit, the current inside it will be from its negative terminal to its 
positive terminal. Whenever a battery is delivering energy to a circuit, it will carry current in this 
direction. On the other hand, when another source of emf is charging the battery in question, it will 
have a current pushed through it from its positive terminal to its negative terminal. 


Q28.4 Connect the resistors in series. Resistors of 5.0 kQ, 7.5 kO and 2.2 kO connected in series present 
equivalent resistance 14.7 kQ. 


Q28.5 Connect the resistors in parallel. Resistors of 5.0 KO, 7.5 kQ and 2.2 KO connected in parallel present 
equivalent resistance 1.3 kO. 
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Q28.6 


Q28.7 


Q28.8 


Q28.9 


Q28.10 


Q28.11 


Q28.12 


Q28.13 


Q28.14 


Q28.15 


“£3 £3 5eeR 


EC 
Tet TF 


In series, the current is the same through each resistor. Without knowing individual resistances, 
nothing can be determined about potential differences or power. 


In parallel, the potential difference is the same across each resistor. Without knowing individual 
resistances, nothing can be determined about current or power. 


In this configuration, the power delivered to one individual resistor is significantly less than if only 
one equivalent resistor were used. This decreases the possibility of component failure, and possible 
electrical disaster to some more expensive circuit component than a resistor. 


Each of the two conductors in the extension cord itself has a small resistance. The longer the 
extension cord, the larger the resistance. Taken into account in the circuit, the extension cord will 
reduce the current from the power supply, and also will absorb energy itself in the form of internal 
energy, leaving less power available to the light bulb. 


The whole wire is very nearly at one uniform potential. There is essentially zero difference in 
potential between the bird’s feet. Then negligible current goes through the bird. The resistance 
through the bird’s body between its feet is much larger than the resistance through the wire 
between the same two points. 


The potential difference across a resistor is positive when it is measured against the direction of the 
current in the resistor. 


The bulb will light up for a while immediately after the switch is closed. As the capacitor charges, the 
bulb gets progressively dimmer. When the capacitor is fully charged the current in the circuit is zero 

and the bulb does not glow at all. If the value of RC is small, this whole process might occupy a very 

short time interval. 


An ideal ammeter has zero resistance. An ideal voltmeter has infinite resistance. Real meters cannot 
attain these values, but do approach these values to the degree that they do not alter the current or 
potential difference that is being measured within the accuracy of the meter. Hooray for 
experimental uncertainty! 


A short circuit can develop when the last bit of insulation frays away between the two conductors in 
alamp cord. Then the two conductors touch each other, opening a low-resistance branch in parallel 
with the lamp. The lamp will immediately go out, carrying no current and presenting no danger. A 
very large current exists in the power supply, the house wiring, and the rest of the lamp cord up to 
the contact point. Before it blows the fuse or pops the circuit breaker, the large current can quickly 
raise the temperature in the short-circuit path. 


Q28.16 


Q28.17 


Q28.18 


Q28.19 


Q28.20 


Q28.21 


Q28.22 
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A wire or cable in a transmission line is thick and made of material with very low resistivity. Only 
when its length is very large does its resistance become significant. To transmit power over a long 
distance it is most efficient to use low current at high voltage, minimizing the I?R power loss in the 
transmission line. Alternating current, as opposed to the direct current we study first, can be stepped 
up in voltage and then down again, with high-efficiency transformers at both ends of the power 
line. 


Car headlights are in parallel. If they were in series, both would go out when the filament of one 
failed. An important safety factor would be lost. 


Kirchhoff's junction rule expresses conservation of electric charge. If the total current into a point 
were different from the total current out, then charge would be continuously created or annihilated 
at that point. 


Kirchhoff's loop rule expresses conservation of energy. For a single-loop circle with two 
resistors, the loop rule reads +e- IR; - IR, =0. This is algebraically equivalent to qe = qIR, + qIR;, 
where q = IAt is the charge passing a point in the loop in the time interval At. The equivalent 
equation states that the power supply injects energy into the circuit equal in amount to that which 
the resistors degrade into internal energy. 


2 


; AV ; 
At their normal operating temperatures, from ? = , the bulbs present resistances 
P 8 P P 


AV? (120Vy 

$8 60 W 
has greatest resistance. When they are connected in series, they all carry the same small current. 
Here the highest-resistance bulb glows most brightly and the one with lowest resistance is faintest. 
This is just the reverse of their order of intensity if they were connected in parallel, as they are 
designed to be. 


(120 V)? (120 V)? 


R Wo 72 Q. The nominal 60 W lamp 


= 240 Q, and =190 QO, and 


Answer their question with a challenge. If the student is just looking at a diagram, provide the 
materials to build the circuit. If you are looking at a circuit where the second bulb really is fainter, get 
the student to unscrew them both and interchange them. But check that the student's 
understanding of potential has not been impaired: if you patch past the first bulb to short it out, the 
second gets brighter. 


Series, because the circuit breaker trips and opens the circuit when the current in that circuit loop 
exceeds a certain preset value. The circuit breaker must be in series to sense the appropriate current 
(see Fig. 28.30). 


The hospital maintenance worker is right. A hospital room is full of electrical grounds, including the 
bed frame. If your grandmother touched the faulty knob and the bed frame at the same time, she 
could receive quite a jolt, as there would be a potential difference of 120 V across her. If the 120 V is 
DC, the shock could send her into ventricular fibrillation, and the hospital staff could use the 
defibrillator you read about in Section 26.4. If the 120 V is AC, which is most likely, the current could 
produce external and internal burns along the path of conduction. Likely no one got a shock from 
the radio back at home because her bedroom contained no electrical grounds—no conductors 
connected to zero volts. Just like the bird in Question 28.11, granny could touch the "hot" knob 
without getting a shock so long as there was no path to ground to supply a potential difference 
across her. A new appliance in the bedroom or a flood could make the radio lethal. Repair it or 
discard it. Enjoy the news from Lake Wobegon on the new plastic radio. 
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Q28.23 


Q28.24 


Q28.25 


Q28.26 


Q28.27 


Q28.28 


Q28.29 


Q28.30 


So long as you only grab one wire, and you do not touch anything that is grounded, you are safe 
(see Question 28.11). If the wire breaks, let go! If you continue to hold on to the wire, there will be a 
large—and rather lethal—potential difference between the wire and your feet when you hit the 
ground. Since your body can have a resistance of about 10 kQ, the current in you would be sufficient 
to ruin your day. 


Both 120-V and 240-V lines can deliver injurious or lethal shocks, but there is a somewhat better 
safety factor with the lower voltage. To say it a different way, the insulation on a 120-V line can be 
thinner. On the other hand, a 240-V device carries less current to operate a device with the same 
power, so the conductor itself can be thinner. Finally, as we will see in Chapter 33, the last step- 
down transformer can also be somewhat smaller if it has to go down only to 240 volts from the high 
voltage of the main power line. 


As Luigi Galvani showed with his experiment with frogs’ legs, muscles contract when electric 
current exists in them. If an electrician contacts a “live” wire, the muscles in his hands and fingers 
will contract, making his hand clench. If he touches the wire with the front of his hand, his hand will 
clench around the wire, and he may not be able to let go. Also, the back of his hand may be drier 
than his palm, so an actual shock may be much weaker. 


Grab an insulator, like a stick or baseball bat, and bat for a home run. Hit the wire away from the 
person or hit them away from the wire. If you grab the person, you will learn very quickly about 
electrical circuits by becoming part of one. 


A high voltage can lead to a high current when placed in a circuit. A device cannot supply a high 
current—or any current—unless connected to a load. A more accurate sign saying potentially high 
current would just confuse the poor physics student who already has problems distinguishing 
between electrical potential and current. 


The two greatest factors are the potential difference between the wire and your feet, and the 
conductivity of the kite string. This is why Ben Franklin’s experiment with lightning and flying a 
kite was so dangerous. Several scientists died trying to reproduce Franklin’s results. 


=2A. 


Suppose ¢=12 V and each lamp has R = 2 Q. Before the switch is closed the current is EM 


The potential difference across each lamp is (2 A)(2 €2) 2 4 V . The power of each lamp is 

(2 A4 V) 28 W, totaling 24 W for the circuit. Closing the switch makes the switch and the wires 
connected to it a zero-resistance branch. All of the current through A and B will go through the 
switch and (b) lamp C goes out, with zero voltage across it. With less total resistance, the (c) current 


in the battery I =3 A becomes larger than before and (a) lamps A and B get brighter. (d) The 


voltage across each of A and B is (3 A)(2 Q)=6 V, larger than before. Each converts power 
(3 A)(6 V) 218 W, totaling 36 W, which is (e) an increase. 


The starter motor draws a significant amount of current from the battery while it is starting the car. 
This, coupled with the internal resistance of the battery, decreases the output voltage of the battery 
below its the nominal 12 V emf. Then the current in the headlights decreases. 


Q28.31 
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Two runs in series: -MM——MW- . Three runs in parallel: . Junction of one lift and 


san] ee . 


Gustav Robert Kirchhoff, Professor of Physics at Heidelberg and Berlin, was master of the 
obvious. A junction rule: The number of skiers coming into any junction must be equal to the 
number of skiers leaving. A loop rule: the total change in altitude must be zero for any skier 
completing a closed path. 


SOLUTIONS TO PROBLEMS 


Section 28.1 Electromotive Force 


P281 


P28.2 


P28.3 


AV)? 
becomes 20.0 W = ERA; 
so R=| 6.73 Q |. 
(b) AV =IR FIG. P28.1 
so 11.6 V =1(6.73 Q) 
and T=1.72A 
é=IR+Ir 
so 15.0 V 211.6 V + (1.72 A)r 
r=| 1.979]. 
(a) AV erm = IR 
becomes 10.0 V = 1(5.60 Q) 
so T=| 1.79 A |. 
(b) AV =€—1r 
becomes 10.0 V = e — (1.79 A)(0.200 Q) 
so £-|10.4V |. 
The total resistance is R = v =5.00Q. I—W—] 


(a) Riamp = R- batteries 7500 Q -0.408 Q =| 459 Q 


Reatteries (0.408 Q)? 
b batteries — =0.0816= 8.16% 
i Rotal (5.00 Q)I? : FIG. P28.3 
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P284 (a) Herez-I(R4r),soI2 ——- Ad - 248 A. 
R+r (5.00 Q + 0.080 0 Q) 


Then, AV = IR = (248 A)(5.00 Q) =| 12.4 V |. 


(b) Let I, and I, be the currents flowing through the battery and the 
headlights, respectively. 


FIG. P28.4 

Then, I, =1, +35.0 A,and e-I,r—-I,r 20 

so €=(I, +35.0 A)(0.080 0 Q)+1,(5.00 Q) 212.6 V 

giving I, 2193 A. 

Thus, AV, = (1.93 A)(5.00 Q) =| 9.65 V |. 
Section 28.2 Resistors in Series and Parallel 
P28.5 AV =1,R, =(2.00 A)R; and AV =1,(R, + R,)=(1.60 A)(R, +3.00 Q) 

Therefore, (2.00 A)R; = (1.60 A)(R, + 3.00 Q) or R; =| 12.0 Q |. 
1 7.00 Q 


S Uc (1/7.00 Q)+(1/10.0 Q) hs 


R, =R, +R, + Ry 2400241249002 [1710 


(b) AV =IR 
340 V 2 I(17.1 Q) FIG. P28.6 
I=| 1.99 A | for 4.00 Q, 9.00 © resistors. 
Applying AV=IR, (1.99 A)(4.12 Q) =8.18 V 
848 V =1(7.00 Q) 
so I=) 117 A | for 7.00 Q resistor 
8.18 V =1(10.0 Q) 
so I=) 0.818 A | for 10.0 Q resistor. 


P28.7 For the bulb in use as intended, 
P 75.0 W 
“AV 120V 
AV 120V 
 l 062A 
Now, presuming the bulb resistance is unchanged, FIG. P28.7 
I- 120 V 
193.6 Q 
Across the bulb is AV = IR =192 Q(0.620 A)=119 V 


=0.625 A 


and =192 Q. 


=0.620 A. 


so its power is ? = [AV =0.620 A(119 V) =| 73.8 W |. 


P28.8 


P28.9 


*P28.10 
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rol 120 V 
20 v, (Poe P i PCs. or Ip : - - 
; 120 V 
VARL E) -[295 V 


If we turn the given diagram on its side, we find that it is the same as figure pv 
(a). The 20.0 € and 5.00 Q resistors are in series, so the first reduction is 16: 
shown in (b). In addition, since the 10.0 Q, 5.00 Q, and 25.0 Q resistors are MN : 
then in parallel, we can solve for their equivalent resistance as: N 5.0 & 23 
R,, = 1 =2.94 Q : a 
= (w5 atsmot wo a) 


This is shown in figure (c), which in turn reduces to the circuit shown in 
figure (d). 


Next, we work backwards through the diagrams applying I = A and 


AV =IR alternately to every resistor, real and equivalent. The 12.94 Q 
resistor is connected across 25.0 V, so the current through the battery in 
every diagram is 


AV  250V 


- - =193 A. 
R 12.949 ST 
In figure (c), this 1.93 A goes through the 2.94 Q equivalent resistor to give a 
BERN : 10£ 10 
potential difference of: Q Q 
AV « IR - (1.98 A)(2.94 Q) 25.68 V. 
From figure (b), we see that this potential difference is the same across AV,,, z 
the 10 Q resistor, and the 5.00 Q resistor. 
2521. 25L 
V - - 
(b) Therefore, AV, =| 5.68 V |. M 
10 294x 12.94 
a= Q Q 
(a) Since the current through the 20.0 Q resistor is also the current 
through the 25.0 © line ab, (c) (d) 
AV,» 5.68V 
[=—“= = 0.227 A =| 227 mA |. 
R, 2500 FIG. P28.9 


We assume that the metal wand makes low-resistance contact with the person’s hand and that the 
resistance through the person's body is negligible compared to the resistance R,,,., of the shoe soles. 
The equivalent resistance seen by the power supply is 1.00 MQ + R,noes - The current through both 


resistors is SUV . The voltmeter displays 
1.00 MQ + Rcs 
.0 V(1.00 MQ 
AV =1(1.00 Mo) - 290 CELUM yp. 
1.00 MQ + Race 
(a) We solve to obtain 50.0 V(1.00 MO) = AV(1.00 MO) + AV(Rsuos, ) 
1.00 MO(50.0 — AV) 
shoes ^ AV Y 


(b) With R54, > 0, the current through the person's body is 
50.0 V 
1.00 MO 


—50.0 uA The current will never exceed 50 4A |. 
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P28.11 


P28.12 


P28.13 


*P28.14 


(a) Since all the current in the circuit must pass through the series 100 Q 


100 Q resistor, ? = I?R 
S ax = RIZ ax 
P 
sO) Lmax= ‘a By eU s 0.500 A FIG. P28.11 
R V102 


qoc 3 
Ry =100 04 + ) 2-192 


100 100 
AV max = Regl max =| 79-0 V 


max eq max 


(b) 4 = IAV =(0.500 A)(75.0 V) =| 37.5 W | total power 
A =| 25.0 W 


2 = Z = RI?(100 Q)(0.250 A)? =| 6.25 W 


Using 2.00-O, 3.00-Q, 4.00-© resistors, there are 7 series, 4 parallel, and 6 mixed combinations: 


Series Parallel Mixed The resistors may be arranged in patterns: 
2000 6000 09230 1.56 AW 
3009 7000 41200 200Q 
4000 9000 1330 2.220 
MMW e 

5.00 Q 1710 3710 

4.33 Q 

5.20 Q i. 
The potential difference is the same across either combination. pex R 

$— — MN— —* 
AV =IR=3I1 : so Rx)? 3I—> R 
(4454) R 500 
TEE. and R=1000 Q =| 1.00 kQ |. 500 Q 
500 
FIG. P28.13 
When S is open, R4, Ry, R; are in series with the battery. Thus: 
6V 
R, +R, + R; = =6kQ. 1 
1PA2T NS 193 A (1) 


When S is closed in position 1, the parallel combination of the two R,’s is in series with R,, R5, and the 
battery. Thus: 


1 6V 
R, +—R,+R3 =———- =5 ka. 2 
12? 7? 12x10? A m 
When S is closed in position 2, R4 and R, are in series with the battery. R} is shorted. Thus: 
6V 
R, + Ry =——— =3 ka. 3 
DELE URS ©) 


From (1) and (3): R 23 KQ. 
Subtract (2) from (1): R, 22 kQ. 
From (3): Ry 21 kO. 

Answers: | R; 21.00 kQ, R, = 2.00 KO, R, =3.00 KO |. 
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E 2.00 Q 
P2815 R -( + = 0.750 Q MW 
P (300 1.00 
R, =(2.00 + 0.750 + 4.00) Q = 6.75 Q 
AV 18.0 V 
I === = 2.67 A 
battery RS 675Q 
; 2009 
9-I?R: P —(2.67 A) (2.00 Q) 
18.0 0.750 
$, =| 14.2 W | in 2.00 Q V Q 
4, = (2.67 A) (400 A) =| 28.4 W | in 4.00 Q 4.00 9 
AV, = (2.67 A)(2.00 Q) = 533 V, 
AV, = (2.67 A)(4.00 Q) = 10.67 V Hd 
AV, 2180 V - AV, — AV, = 2.00 V(= AV, = AV;) 
AV,y (2.00 Vy? ie 
a=! a AOI x 1.33 W | in 3.00 Q 
R; 3.00 Q FIG. P28.15 
AV,) (2.00 v)? 
pl M ANON 2 4.00 W | in 1.00 
R, 1.00 Q 


P28.16 Denoting the two resistors as x and y, 
1 1 


x+y=690, and ded 
150 x y 


1 cl. 1  (690-x)+x 
150 x 690-x  2x(690—x) 
x? — 690x +103 500 2 0 


690 + 4| (690)? — 414 000 
72 


2 


x=| 470 Q y =| 220 Q 


*P28.17 A certain quantity of energy AE; = (time) is required to raise the temperature of the water to 


(AV) 
R 


100°C. For the power delivered to the heaters we have ? = IAV = where (AV) is a constant. 


(AV) At (AVY2At 


Thus comparing coils 1 and 2, we have for the energy R R . Then R, =2R,. 
1 2 
(a) When connected in parallel, the coils present equivalent resistance 
AVÓAt (AV) At 
R,- l = : E A yee ee ee esa 
P4/R,+1/R, 1/R,+1/2R, 3 R, 2R, /3 3 


(AV)'At (AV) At, 


(b) For the series connection, R, = R, +R, = R, +2R, 23R, and z 3n 
1 1 


At, =| 3At |. 


S 
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P28.18 


*P28.19 
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(a) 


(b) 


(c) 


(d) 


(e) 


(a) 


(b) 


(c) 


(d) 


AV 2 IR: 33.0 V = (11.0 Q) 33.0 V = 1,(22.0 Q) 
I; =3.00 A I, =1.50 A 
2-2I^R: 4 -(3.00A)(1L0Q) — 9 =(1.50 A)? (220 Q) 
A =99.0 W P =49.5 W 
The 11.0-Q resistor uses more power. FIG. P28.18(a) 
P + PB =| 148 W ? = I(AV) =(4.50)(33.0) =| 148 W 


R, =R, +R, =11.0 Q +22.0 Q=33.0 Q 


AV =IR: 33.0 V = 1(33.0 Q), so 12 1.00 A 
9 -DR: 4 -(L00A)'1109) 2 =(1.00 A)*(22.0 Q) 
A -1L0W PB = 22.0 W FIG. P28.18(c) 


The 22.0-Q resistor uses more power. 


B + B =17(R, + R3) - (1.00 A (33.0 Q) =| 33.0 W 
# = I(AV) = (1.00 A33.0 V) =| 33.0 W 


The parallel configuration uses more power. 


The resistors 2, 3, and 4 can be combined to a single 2R resistor. This is in series with 
resistor 1, with resistance R, so the equivalent resistance of the whole circuit is 3R. In series, 


1 
potential difference is shared in proportion to the resistance, so resistor 1 gets 3 of the 
2 
battery voltage and the 2-3-4 parallel combination get 3 of the battery voltage. This is the 


ET : : : 1 
potential difference across resistor 4, but resistors 2 and 3 must share this voltage. 3 goes to 


2and Z to 3. The ranking by potential difference is | AV, > AV; > AV; > AV, |. 


Based on the reasoning above the potential differences are 


All the current goes through resistor 1, so it gets the most. The current then splits at the 
parallel combination. Resistor 4 gets more than half, because the resistance in that branch is 
less than in the other branch. Resistors 2 and 3 have equal currents because they are in 


series. The ranking by current is | I, >I, >I, =I; |. 


Resistor 1 has a current of I. Because the resistance of 2 and 3 in series is twice that of 
resistor 4, twice as much current goes through 4 as through 2 and 3. The current through 
21 
3 


the resistors are | I, 2 I, I, 2 I5 gh 


continued on next page 
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(e) Increasing resistor 3 increases the equivalent resistance of the entire circuit. The current in 
the circuit, which is the current through resistor 1, decreases. This decreases the potential 
difference across resistor 1, increasing the potential difference across the parallel 
combination. With a larger potential difference the current through resistor 4 is increased. 
With more current through 4, and less in the circuit to start with, the current through 
resistors 2 and 3 must decrease. To summarize, | I, increases and I,, I,, and I, decrease |. 


(f) If resistor 3 has an infinite resistance it blocks any current from passing through that branch, 
and the circuit effectively is just resistor 1 and resistor 4 in series with the battery. The circuit 


now has an equivalent resistance of 4R. The current in the circuit drops to T of the original 


: ; 4 f E 
current because the resistance has increased by 3: All this current passes through resistors 1 


and 4, and none passes through 2 or 3. Therefore | I, = ,1,=13 =0, I4 e . 


4 
Section 28.3 Kirchhoff's Rules 
+15.0 - (7.00), — (2.00)(5.00) 2 0 7.00Q 15.0V 


P28.20 


P28.21 


I 
5.00 = 7.001, so 1; -0714 A 4 


it 


I; =1, +1, = 200A 


0.714+ I, = 2.00 so I, =1.29 A 


+e — 2.00(1.29) — 5.00(2.00) = 0 £-126 V 


We name currents 14, 1;, and I} as shown. 

From Kirchhoff's current rule, I} = I, + Ip. 

Applying Kirchhoff's voltage rule to the loop containing I, and I}, 
12.0 V — (4.00)1, —(6.00)I, — 4.00 V 20 

8.00 = (4.00), + (6.00)I, 


Applying Kirchhoff's voltage rule to the loop containing I, and I}, 


FIG. P28.21 
—(6.00)I, — 4.00 V +(8.00)I; =0 (8.00), = 4.00 + (6.00)1;.. 

Solving the above linear system, we proceed to the pair of simultaneous equations: 

8- 4I, * Al; +61, 8 - AI, +101, 

8I, =4+61, "t I, 21331, - 0.667 
and to the single equation 8 = 41, + 13.31, — 6.67 

17 EZAR 0.846 A. Then I, =1.33(0.846 A) — 0.667 

17.3 Q 

and I, =1, +1, give 1; = 846 mA, I, = 462 mA, 14 =1.31 A |. 


All currents are in the directions indicated by the arrows in the circuit diagram. 
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P28.22 


P28.23 


P28.24 


Direct Current Circuits 


The solution figure is shown to the right. 
FIG. P28.22 
We use the results of Problem 28.21. 
(a) By the 4.00-V battery: AU =(AV)IAt = (4.00 V)(-0.462 A)120 s =| 2222] |. 
By the 12.0-V battery: (12.0 V)(1.31 A)120 s =| 1.88 kJ |. 
(b) By the 8.00-Q resistor: I°RAt = (0.846 A) (8.00 Q)120 s =| 687 J |. 
By the 5.00-Q resistor: (0.462 A)’ (5.00 Q)120 s =} 128 J |. 
By the 1.00-Q resistor: (0.462 A)’ (1.00 Q)120 sz | 25.6 J |. 
By the 3.00-O resistor: (1.31 A)’ (3.00 Q)120 s =| 616 J |. 
By the 1.00-O resistor: (1.31 A) (1.00 Q)120 s =| 205 J |. 
(c) —222 J+ 1.88 kJ =| 1.66 kJ | from chemical to electrical. 
687 J+ 128 J+ 25.6 J +616 J+ 205 J =1.66 kJ from electrical to internal. 
We name the currents 14, I}, and I} as shown. b c B kQ d 
ntle Bije, Rs RU 
[1] | 70.0—60.0 — I, (8.00 kQ)— I (2.00 kQ) 20 tel 2 353 
770.0 V 760.0 v 80.0 
[2] | 80.0—14(4.00 kQ)- 60.0 — 1,(3.00 kQ)=0 Ry = 3.00 kQ V 
B] 1,=h +13 2.00 kQ 
AW 
a Ry € f 
(a) Substituting for I, and solving the resulting simultaneous 
equations yields FIG. P28.24 
I, =| 0.385 mA | (through R, ) 
I; =| 2.69 mA | (through R3) 
I, =| 3.08 mA | (through R;) 
(b) AV; 2 —60.0 V — (3.08 mA)(3.00 kQ) =| -69.2 V 


Point c is at higher potential. 


P28.25 


P28.26 
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Label the currents in the branches as shown in the first figure. Hh C an d 
Reduce the circuit by combining the two parallel resistors as shown aol, 3R 500 
in the second figure. n n 
Apply Kirchhoff's loop rule to both loops in Figure (b) to obtain: t t 
(2.71R)I, +(1.71R)I, = 250 a i e 


and (1.71R)I, +(3.71R)I, = 500. (a) 


With R 21000 O, simultaneous solution of these equations yields: 


=10.0 mA 
and I, = 130.0 mA. 
From Figure (b), V. -V, = (I, + 1,)(1.71R) = 240 V. 
Thus, from Figure (a), I} = Fea (pene 60.0 mA. ! 
4R 4 000 Q (b) 
Finally, applying Kirchhoff's point rule at point a in Figure (a) 
gives: FIG. P28.25 


I-1,-I, 260.0 mA -10.0 mA = +50.0 mA, 


Or 12|50.0 mA from point a to point e |. 


Name the currents as shown in the figure to the right. Then w+x+z=y.Loop ( "Y | ) ) 


equations are w x y Z 
E NINE NN 


—200w — 40.0 + 80.0x = 0 
—80.0x + 40.0 + 360 — 20.04 = 0 FIG. P28.26 
+360 — 20.0y — 70.0z + 80.0 = 0 


x = 2.50w + 0.500 
Eliminate y by substitution. 400 —100x — 20.0w — 20.0z =0 
440 — 20.0w — 20.0x —90.0z =0 


e 350 — 270w — 20.0z =0 
Eliminate x. 


430 - 70.0w — 90.0z = 0 


Eliminate z 217.5 — 13.5w to obtain 430 — 70.0: — 1575 4 1 215w 20 


an) x 1.00 A upward in 200 Q |. 
70.0 
Now z=| 4.00 A upward in 70.0 Q 


x=| 3.00 A upward in 80.0 Q 


y =| 8.00 A downward in 20.0 O 


and for the 200 O, AV = IR - (1.00 A)(200 Q) =| 200 V |. 
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P28.27 Using Kirchhoff's rules, 


0.0600 
12.0 — (0.010 0)I, - (0.060 0), =0 Q 
10.0 + (1.00)1, — (0.060 0)], 20 Starter 
and I = I, sh I5 Live Dead 
battery battery 
12.0 — (0.010 0)I, — (0.070 0)I, 20 
10.0 +(1.00)I, — (0.060 0)I; = 0 FIG. P28.27 


Solving simultaneously, 


I, =| 0.283 A downward | in the dead battery 


and I, =| 171 A downward | in the starter. 


The currents are forward in the live battery and in the starter, relative to normal starting operation. 
The current is backward in the dead battery, tending to charge it up. 

P28.28 AV, = (1.00)I, + (1.00)(I, — I7) I Lo di ee 190 Ed : 
AV,» = (1.00), + (1.00)I, + (5.00)(1— I; +15) 
AV,» = (3.00)(I - 1,)+(5.00)(I- I, + 17) 
Let 121.00 A, I; 2 x, and I, =y. 


Then, the three equations become: 


AV, = 2.00x — y, or y = 2.00x — AV HUNE 
AV,» = —4.00x + 6.003 + 5.00 
and AV,, = 8.00 - 8.00x + 5.00y . 
Substituting the first into the last two gives: 
7.00AV,, = 8.00x 45.00 and 6.00AV,, = 2.00x + 8.00. 
Solving these simultaneously yields AV,,, = E V. 
Then, R» = Ha = TY Or Ry = = 
P28.29 We name the currents 14, I}, and I} as shown. he 
(a) Pear a 120V 4.002 
Counterclockwise around the top loop, 200 Q 
12.0 V - (2.00 Q)I, — (4.00 €)1, =0. 
Traversing the bottom loop, SUL ONE 
8.00 V — (6.00 Q)I, + (2.00 Q)I, 20 
FIG. P28.29 


(b V,-(0.909 AJ2.00 Q) = V, 
V, - V, =| -182 V 
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P28.30 We apply Kirchhoff's rules to the second diagram. 


50.0 — 2.001, — 2.001, =0 (1) 
20.0 — 2.001, + 2.001, =0 (2) 
I, =I, +1, (3) 


2.00 Q 
Substitute (3) into (1), and solve for I4, I}, and I, 


L 2200 A; I, 2500 A; I4 2150 A. 


Then apply ? I?R to each resistor: 


(2000): 2 = I? (2.00 Q) - (20.0 A)? (2.00 Q) - [800 W 


500 V 2.00 Q 
(4000): = E A] (4.00 Q) =| 25.0 W 
2 FIG. P28.30 
(Half of I, goes through each) 
(2000),:  =13(2.00 Q)=(15.0 A) (2.00 Q) - | 450 W |. 
Section 28.4 RC Circuits 
P28.31 (a) = RC =(1.00x10° ©)(5.00 x10% F)=[5.00 s R= 1.00 x 10° 
(b) Q=Ce=(5.00 x10 C)(30.0 V) - | 150 uC C == 5.00 pF 
p S 
" it) = Eee -( 30.0 Jew ae _|=[406 «A 
R 1.00 x 10 (1.00 x 105 (5.00 x 10 *) FIG. P28.31 
P28.32 (a) I(t) = -Ige "FC 
-6 
p- B0x10 Cg gg 
RC (13000)(200x10? F) 
EE -6 
I(t) - -(1.96 A)exp ze -[-61.6 mA 


(1300 0)(2.00 x 10° F) 


-8.00 x10% s 
(1300 Q)(2.00x10° F) 


=| 0.235 uC 


(b) q(t) = Qe "€ = (510 zz 


(c) The magnitude of the maximum current is Ig =| 1.96 A |. 


P2833  U- Zev} and AV = 2. 


2 
Therefore, U = - and when the charge decreases to half its original value, the stored energy is one- 


quarter its original value: | U ; = =U, . 
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P28.34 


*P28.35 


P28.36 


P28.37 


- q(t) -t/RC 
q(t) = QI1- e '/RC SO —=1-e 
bei c 
0.600=1-e° RO or e PORE — 1 — 0.600 = 0.400 
0900 1n(0.400) he ROS c ones, 
In(0.400) 
We are to calculate 
1 Z4 RC) 2 ET 2 2 
(a) r- RC =(1.50x10° Q)(10.0 x10% F)- [1505 
(b) r - (10010? Q)(10.0x 10° F) =[ 1.00 s 
10.0 V 
c The battery carries current ———,.— = 200 uA. 
9 * 50.0 x10? Q m 
f : -t/RC 10.0 V -t/1.00 s 
The 100 kQ carries current of magnitude I-Ige mc ET : 
100x10* Q 
So the switch carries downward current 200 uA -- (100 uA)e !/! 995 |, 
(a) Call the potential at the left junction V; and at the right Vp. After a 25 
"long" time, the capacitor is fully charged. 10 
V, 28.00 V because of voltage divider: M 29 
,-100V 00A t 
5.00 Q 
V, =10.0 V - (2.00 A)(1.00 Q) - 8.00 V FIG. P28.37(a) 
Likewise, A -( ae Jao V)= 2.00 V 
2.00 Q +8.00 Q 
or R= a 1.00 A 
10.0 Q 
Vp = (10.0 V) - (8.00 Q)(1.00 A) 2 2.00 V. 
Therefore, AV = V; - Vg «8.00 - 2.00 =| 6.00 V |. 
(b) Redraw the circuit Rz : = 3.60 Q e 
(1/9.00 Q)+(1/6.00 9) 
E" 1.00 uF 
RC =3.60x10™ s 
and RES. 6.00 Q 
10 
so t= RCIn10- | 8.29 ys J. FIG. P28.37(b) 


*P28.38 (a) We model the person's body and street shoes 3 000 V 


as shown. For the discharge to reach 100 V, 
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150 pF 80 pF =: 000 MQ 
q(t) = Qe © = CAV(t) = CAVse "FC | j | p 


AV guo AVo_ aR t inf “Ve 
AV, AV RC LAV 


t=RC if Ye) —5 000 x 10° o(230 x10” F)n( = | = 


100 


(b — t-1x105 V/A(230x 10"? C/V)In30 =| 782 us 


P28.39 (a) r= RC =(4.00x 10° 0)(3.00x 10° F) =| 12.0 s 


(b) pa £,Rc 2. 120 — amos 
R 4.00 x 10° 


q= Ceļi Lg RC ] —3.00 x 105 (12.0)f1 _ ene] 


q = 36.0 cp m gu 1-300 uae 12.0 


P2840 Ay, -9 


C 
Then, if g(t) =Qet/® AV(t) = (AV )e '/FC 
Sad AV(t) _ e IC. 
(^V) 


When AV(t) dy: ) then e FC 1 
2t 2 


Thus, R= 


Section 28.5 Electrical Meters 


I,r 1,(60.0 Q) 
= = BECA E 
P28.41 AV - Dj. = (1- I,JR,, Or R, 


=) (1-1,) 


Therefore, to have I 2 0.100 A 2100 mA when Ig = 0.500 mA: 


| (0.500 mA)(60.0 Q) _ 


R 
P 99.5 mA 


0.302 Q |. 


FIG. P28.38(a) 


3.91 s 


4.00 MQ 
12.0 V 3.00 uF 
Switch 


FIG. P28.39 


0.500 mA 


100 mal 


FIG. P28.41 
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P28.42 


P28.43 


P28.44 


Applying Kirchhoff's loop rule, -1,(75.0 Q) + (I Sle JR, -0. 


Therefore, if I 2 1.00 A when I; =1.50 mA, 


E 


7500) (150x107? AJ(750 Q) 


a (1-1,) 1.00 A -1.50x10? A 


0.113 Q |. 


Series Resistor > Voltmeter 


AV =IR 


Solving, 


(a) 


(b) 


(c) 


25.0 = 1.50 x 10 ? (R, +75.0) 


R, = 16.6 kQ |. 


In Figure (a), the 
emf sees an 
equivalent 
resistance of 
200.00 Q. 


_ 60000 V 180.00 Q 
002 
200.00 (a 
— [0.030 000 A 


The terminal potential difference is 


In Figure (b), 


180.00 Q 
(b) 


FIG. P28.44 


20.000 Q 


BS 


Galvanometer 
75.0 Q 


a b 
FIG. P28.43 


20.000 Q 


180.00 Q 
(c) 


AV = IR = (0.030 000 A)(180.00 Q) =| 5.4000 V |. 


1 


1 
«| 


+ 
180.00 20000 Q 


-1 
| =178.39 Q. 


The equivalent resistance across the emfis 178.39 Q + 0.500 00 Q + 20.000 Q =198.89 Q. 


The ammeter reads 


and the voltmeter reads 


In Figure (c), | : 


e 60000V - 


R 


198.89 Q 


0.030167 A 


AV = IR = (0.030 167 A)(178.39 Q) - | 5.3816 V |. 


-1 
| =178.89 Q. 


Therefore, the emf sends current through Riot = 178.89 Q + 20.000 Q = 198.89 Q. 


The current through the battery is 


but not all of this goes through the ammeter. 


The voltmeter reads 


The ammeter measures current 


1 
+ 

180.50 0 20000 Q 
| 6.0000 V 
198.89 Q 


= 0.030 168 A 


AV = IR - (0.030 168 A)(178.89 Q) =| 5.396 6 V |. 


(AV 53966V _ 


0.029 898 A |. 


R 


180.50 Q 


The connection shown in Figure (c) is better than that shown in Figure (b) for accurate 


readings. 
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G \ 25.0Q 
P28.45 Consider the circuit diagram shown, realizing that $ 
I, =1.00 mA. For the 25.0 mA scale: Is | der R, R3 
If 100mA — 500mA E 
(24.0 mA)\(R, + R, 4 R3) a (1.00 mA)(25.0 Q) Common Terminal Terminal Terminal 
FIG. P28.45 
25.0 
or R, +R, +R, =| — |Q. 1 
xo eee E (1) 
For the 50.0 mA scale: (49.0 mA)(R, + R;) = (1.00 mA)(25.0 Q + R4) 
or 49.0(R, R5) 225.0 Q+ Rs. (2) 
For the 100 mA scale: (99.0 mA)R, = (1.00 mA)(25.0 Q + R, + R3) 
or 99.0R, = 25.0 Q+ R, + R3. (3) 
Solving (1), (2), and (3) simultaneously yields 
R; =0.260 Q, R, 20.261 Q, R; 20521 Q |. 
P28.46 AV =IR 60.0 20.0 50.0 100 
O Vvo vV yV 
(a) 20.0 V -(100x10? A(R, +60.0 Q) Common 19.94 30.0 50.0 
kQ kQ kQ 
R, =1.994x10* Q =| 19.94 KQ 
FIG. P28.46 
(b) 50.0 V - (10010? AJ(R; +R; +60.0 Q) R, =| 30.0 KQ 
(c) 100 V - (1.0010? AJ(R; +R; +60.0 ©) R; =| 50.0 KQ 
P28.47 — Ammeter: 1r = (0.500 A — 1, (0.220 Q) : (S . 
or 1,(r +0.220 Q) 20.110 V (1) Ig 0.220 Q 
B an S 
Voltmeter: 2.00 V =I, (r +2500 Q) (2) A i 8 
,( i p 2900 
Solve (1) and (2) simultaneously to find: 
l= 0.756 mA | and r =| 145 Q |. < AV = 2.00 V: > 
FIG. P28.47 
Section 28.6 — Household Wiring and Electrical Safety 
2 -8 
(V. (1.00 A (1.70 x 10-8 Q-m)(16.0 ft)(0.3048 m/ft 
P2848 (a) | 9-DR- r(£- | l B. 0.101 W 


(D | #=17R=100(0.101 2) =| 10.1 W 


z(0.512x 10? mJ 
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9$ 1 WwW 
P28.49 (a) P=IAV: So for the Heater, zu ONE 125 A |. 
AV 120V 
For the Toaster, I= bal =| 6.25 A |. 
120 V 
And for the Grill, = FOU =| 8.33 A |. 
120 V 


(b) 12.5 +6.25 + 8.33 =| 271A 
The current draw is greater than 25.0 amps, so this circuit breaker would not be sufficient. 


[R p [1.70 
P28.50 I&R, =I2.R so I, = ©] = u] = 20.0) = 0.776(20.0) =| 15.5 A 
Al**Al Cu**Cu Al Ra Cu PA Cu 25^ ) ( ) 


P28.51 (a) Suppose that the insulation between either of your fingers and the conductor adjacent is a 
chunk of rubber with contact area 4 mm? and thickness 1 mm. Its resistance is 


pe (10® Q-m)(10° m) 
^A. 4x10 m? 


The current will be driven by 120 V through total resistance (series) 


z2x10P Q. 


2x10? 010* 0+2x10% 025x10P? Q. 


It is: 12 AY ~ d ~10™ A |. 
R 5x10" Q 
: ot f Va 
(b) The resistors form a voltage divider, with the center of your hand at potential ai where V, 


is the potential of the “hot” wire. The potential difference between your finger and thumb is 
AV=IR~ Hors AJ(10* Q) —10 ? V. So the points where the rubber meets your fingers are 


at potentials of 


Leap V and ~tt o AP 


Additional Problems 


P28.52 The set of four batteries boosts the electric potential of each bit of charge that goes through them by 
4x1.50 V 2 6.00 V. The chemical energy they store is 


AU = gAV = (240 C)(6.00 J/C) 21 440 J. 


The radio draws current I- ay = ALR =0.0300A. 
R 2000 
So, its power is $ =(AV)I = (6.00 V)(0.030 0 A) = 0.180 W =0.180 J/s. 
1 440 
Then for the time the energy lasts, we have # = 2 At= E be 8.00 x 10? s. 
At P 0.180 J/s 


1 0.0300A 


We could also compute this from I = £. At= NE A MR 800x10? s =| 2.22 h |. 


P28.53 


P28.54 


P28.55 


*P28.56 
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2 2 
I=, so ?=PR= c or (R«r 2| IR. 
R+r (R+r) P 
ea 2 2 2 
Let x2 —,then (Rr) =xR or R^ - (2r - x)R-r* =0. 
P 
With r =1.20 Q, this becomes R? + (2.40 - x)R -1.44 =0, 

-(2.40 — x) + (2.40 - x)? -5.76 
which has solutions of R= j ; 
(a) With | £29.20 V and P=128W, x=6.61: 

+4.21 + (4.21)? — 5.76 
R= 7 =| 3.84 © | or 0.375 Q |. 
ge 
(b) For €=9.20 V and P=21.2W,x= dm 3.99 
" +1.59+ (1.59)? -5.76 1594 4-3.22 
2 2 
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The equation for the load resistance yields a complex number, so | there is no resistance 


that will extract 21.2 W from this battery. The maximum power output occurs when 
2 


R =r =1.20 Q, and that maximum is: &,,, = =17.6 W. 
r 


Using Kirchhoff's loop rule for the closed loop, +12.0 — 2.001 - 4007 =0 , so I = 2.00 A 
V, — V, = +4.00 V - (2.00 A)(4.00 Q) - (0)(10.0 Q) = 4.00 V. 


Thus, AV» | =| 4.00 V | and | point a is at the higher potential |. 
E g’ 
(a) Reg =3R I= A Pas Sel = oe 
2 
Oy. Rem (1/R) m (IR) - : i = Fparattel = € 1 = M 
(c) Nine times more power is converted in the | parallel | connection. 
(a) We model the generator as a constant-voltage power supply. 


Connect two light bulbs across it in series. Each bulb is designed to 


He MEW = 0.833 A . Each has resistance 
AV 120V 


=144 Q. In the 240-V circuit the equivalent 


carry current I = 


AV 120V 
= I 083A 
resistance is 144 Q +144 Q = 288 Q. The current is 
ee 0.833 A | and the generator delivers power 
R 2880 
4 = IAV 20.833 A(240 V) 2| 200 W |. 


FIG. P28.56(a) 


continued on next page 
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(b) The hot pot is designed to carry 28.8 O 
current 
oe N 240 V 1449 
AV 120V 


It has resistance 


ss AY _120V 
© I 417A 


FIG. P28.56(b) 
-288 Q. 


Pix 5, we can place five light bulbs in parallel and the hot 
0.833 A 


pot in series with their combination. The current in the generator is then | 4.17 A | and it 


delivers power ? = IAV = 417 A(240 V)-| 1000 W |. 


In terms of current, since 


P28.57 The current in the simple loop circuit will be I = T 


+r 
R 
(a) AV =€- 1r = = and AV ip > E as | Ro |. 
Ttf 
b) I- and I5 5 as| R50] 
R+r r 
(c) o-DR-g d? —26?R i g FIG. P28.57 
(Rtr)? dR (Rer (Rer) 
Then 2R=R+r and R=r |. 


P28.58 The potential difference across the capacitor AV(t)= AV, (1 -e se), 


Using 1 Farad =1 s/Q, 4.00 V = (10.0 v _ g ©% 8)/[R(10.0«10° 2 
Therefore, gogai ye 

Or g (50107 Q)/R - 0.600. 

Taking the natural logarithm of both sides, - E = In(0.600) 

and g--300x10 Q 5710? Q- [587 KO]. 


In(0.600) 


P28.59 


P28.60 


P28.61 
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Let the two resistances be x and y. x y 
Then, R,=xt+y=%=—? .9000 — y-9000-x AL, 

I° (5.00 A) 

P 
ad o era PIT oggi 

x+y l^ (5.00 A) 
9.00 Q- 
so a ) 20g x? —9.00x+18.0=0. 
x+ (9.00 Q- x) FIG. P28.59 

Factoring the second equation, (x —6.00)(x — 3.00) =0 
so x= 6.00 © or x 3.00 Q. 
Then, y = 9.00 Q —x gives y = 3.00 © or y 26.00 Q. 


The two resistances are found to be | 6.00 © | and | 3.00 © |. 


Let the two resistances be x and y. x y 
= —MW—wW— 


P 
Then, R, =x+y=— and R, 2 —— - —. 
i y lj x+y IP X 


p 


9 
From the first equation, y — B — x, and the second 


2 
(2 [P - x) P P RG, 
E rx A | ) * E 


becomes = E =0. 
x+(@/P-x) P P] FIG. P28.60 
. Rt JR -422P 
Using the quadratic formula, x = jp : 
P RFSZ -42I 
Then, y » G-- x gives y= . 
uj c 2 21? 
P 4 |P? — 489 P — |R — A4 gp 

» “g “s "48^ P =S "US "St P 

The two resistances are ; and 3 
2I 2I 


(a) &- (Y, R)-(e1+£3)=0 


40.0 V - (4.00 A)[(2.00 + 0.300 + 0.300 + R)Q}]- (6.00 +6.00) V20; so R=/4400 


(D Inside the supply, 9 = I?R = (4.00 A)’ (2.00 Q) =| 32.0 W |. 
Inside both batteries together, ? = I? R = (400 A)’ (0.600 Q) =| 9.60 W |. 
For the limiting resistor, 4 = (4.00 A) (4.40 Q) =] 70.4 W |. 


(c) P= I(E; + 25) =(4.00 A)[(6.00 + 6.00) V]- | 48.0 W 
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* P28.62 


P28.63 


LR R, +R 
R E ea quM Lg Se 
R, R, I 
ha IR, R hb 
R, +R, 
i LR; 7 IR, 3j; FIG. P28.62(a) 
(b) The power delivered to the pair is ? = I2R, - I2R; 2 I2R, € (1— ERO. For minimum power 


[n 
we want to find I, such that I =0. 
1 


P 
1 
IR 
I = 2 
R, +R, 


This is the same condition as that found in part (a). 


Let R„ = measured value, R = actual value, R 
Tp = current through the resistor R 


I= current measured by the ammeter. 


A R 
I (b) 
(a) When using circuit (a), Ig} R = AV = 20000(1- I4) or R = 20000 m 1l. 9 
R 
But since I = 214 and Ip = aes we have ES = 2 FIG. P28.63 
R,, R Ig Rm 
R-R 
and R= 20000 8 - i) (1) 
; (R -Rm ) 
When R> Rn, we require E «0.0500. 
Therefore, R,, 2 R(1— 0.050 0) and from (1) we find | R<1050Q |. 
(b) When using circuit (b), Ig R2 AV - In (0.5 Q). 
But since Ip = Ag R,, = (0.500 + R). (2) 
(R, - R) 
When R,, > R, we require = < 0.0500. 
From (2) we find R210.0 Q |. 


P28.64 


P28.65 
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The battery supplies energy at a changing rate £ =?=d= {2 pg uae J 
Then the total ener ut out by the battery is Jak E f e ex | : ye 
8y P y y oy R P RC 


e'C[o-1]- zc. 


fae- rO fe +| m Col x 


2 
The power delivered to the resistor is aE P=AVgI =I R=R a ew 4 ) 
dt R RC 
TE 2t 
So the total internal energy appearing in the resistor is [ak = Zep- zc e 
0 
2 eo 2 d 2 2 
just SE fe 2t I a )- d 2) _ Ci eee 
R 2m RCA RC 2 RC}, 2 2 


The energy finally stored in the capacitor is U = zCvy = sce. Thus, energy of the circuit is 


1 1 
conserved €7C = 54€ + 54€ and resistor and capacitor share equally in the energy from the 


battery. 


(a) q- CAV(1 - gy 


-10.0/|(2.00x10° )(1.00x10-*) | -[933 uC 


q - (100x105 F\(10.0 vi -e 


(b) [= dq = (Ac Jee 
dt R 


( 10.0 V 
I= 6 
2.00x10? Q 


2 
© du d|1q (29 (4) 
di di(2C)] XC)di (C 
du ( 993x10°C 
dt \1.00x10° C/V 


je =3.37 x10 A =] 33.7 nA 


jo x 1075 A) = 334x107 W =| 334nW 


(d) — Rattery = Te =(3.37 x10” AJ(10.0 V) =3.37 x107 W =[337 nW 
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P28.66 Startat the point when the voltage has just reached Zay 


and the switch has just closed. The voltage is 2y andis Voltage 
3 controlled 


decaying towards 0 V with a time constant R,C switch 


We want to know when AVọ(t) will reach = AV. 


Therefore, = AV = E ay pe 


or 


or 


AVc(t) = E av pne. 


EL 


FIG. P28.66 


1 
After the switch opens, the voltage is 34V; increasing toward AV with time constant (R, + R;)C: 


AVc(t) = AV — E av p (RERIG 


When AVc(t)= Zay 
2 AV -AV- 2 Aye I (Ri+Ra)C Or e (Ri +R2)C = i 
3 3 2 
(AV) 
P28.67 (a) First determine the resistance of each light bulb: ? = ——— 
AV)? (120 V}? 
R=! E V) = 240 Q. 
9 60.0 W 
We obtain the equivalent resistance Req of the network of light 
bulbs by identifying series and parallel equivalent resistances: FIG. P28.67 
Reg = Ry + i = 240 Q +120 Q =360 Q. 
(1/R2)+(1/R3) 
AV)? _ (120 V}? 
The total power dissipated in the 360 Q is P= AV) ed yes 40.0 W |. 
Req 360 Q 
(b) The current through the network is given by ? =I Req: ja en jeu Dal A. 
Req 3600 3 


The potential difference across R, is 


The potential difference AV>3 across the parallel combination of R, and R; is 


1 1 
3 afaa Q) + (1/240 3 pics, 


AV, = IR, = (s A jaa Q)-|80.0 V ]. 


*P28.68 


*P28.69 


(a) 


(b) 
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With the switch closed, current exists in a simple series 
circuit as shown. The capacitors carry no current. For R, 
we have 


parro espe o E au 
R, 7000 V/A 


The potential difference across R4 and C, is 


AV = IR, =(185x 107 A(4000 V/A) 2741 V. FIG. P28.68(a) 


3uF - C, 


6uF = Co 


The charge on C, 
Q-CjAV - (300x105 C/V\(741 V) - [222 uC |. 
The potential difference across R, and C, is 
AV = IR; =(1.85 x 10 AJ(7000 Q)=130 V. 
The charge on C; 
Q=C,AV - (600x105 C/V (130 V) - 778 uC. 
The battery emf is 
IR, = I(R, + R5) =1.85 x10? A(4 000 + 7 000) V/A -204 V. 


In equilibrium after the switch has been opened, no current 
exists. The potential difference across each resistor is zero. The 
full 204 V appears across both capacitors. The new charge C, 


6u F-C 
Q - C;AV - (6.00 x10 C/V 204 V)=1 222 uC REE 
for a change of 1222 uC -778 uC =| 444 uC |. FIG. P28.68(b) 
The battery current is 
| 4mA 
(150+ 45+14+ 4) mA = 213 mA. 
(a) The resistor with highest resistance is that 150mA 45mA 14mA 
carrying 4 mA. Doubling its resistance will 
reduce the current it carries to 2 mA. Then FIG. P28.69 
the total current is 
(150 + 45 - 14 - 2) mA - 211 mA, nearly the same as before. The ratio is EN =| 0.991 |. 
(b) The resistor with least resistance carries 150 mA. Doubling its resistance changes this current 
to 75 mA and changes the total to 
(75 +45+14+4) mA =138 mA. The ratio is X =| 0.648 |, representing a much larger 
reduction (35.2% instead of 0.9%). 
(c) This problem is precisely analogous. As a battery maintained a potential difference in parts 


(a) and (b), a furnace maintains a temperature difference here. Energy flow by heat is 
analogous to current and takes place through thermal resistances in parallel. Each resistance 
can have its “R-value” increased by adding insulation. Doubling the thermal resistance of 
the attic door will produce only a negligible (0.9%) saving in fuel. Doubling the thermal 


resistance of | the ceiling | will produce a much larger saving. The ceiling originally has the 


smallest thermal resistance. 
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*P28.70 From the hint, the equivalent resistance of is just 
q J Req 


rM E 
VR, -YR,, 
Ri Reg 7 
Rake 0 


That is, 


Ry + 
RpRy + RpReq + RpReq = RL Req + Re, 
R2, - Rr Reg - RrR, =0 


_Rrt JR -4(1)(-R7R:) 
e 2(1) 


Only the + sign is physical: 


Ra 5 (RR + RŽ +Rr). 


For example, if Rp =1Q. 


And BR; 2200, R,-50. 


P28.71 (a) After steady-state conditions have been reached, there is no DC current through the 
capacitor. 


Thus, for R4: I, =0 (steady-state) |. 


For the other two resistors, the steady-state current is simply determined by the 9.00-V emf 
across the 12-kO and 15-kQ resistors in series: 


EN EM 9.00 V = 
(Rit R3) Rı +R, (12.0 kQ +15.0 KQO) 


For R, and R,: I 


333 uA (steady-state) |. 


(b) After the transient currents have ceased, the potential 
difference across C is the same as the potential 
difference across R;(- IR;) because there is no voltage 


drop across R5. Therefore, the charge Q on C is 


Q - C(AV), - C(IR;) = (10.0 uF)(333 uA (15.0 KQ) 
- [500 uC |. 


FIG. P28.71(b) 
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(c) 


(d) 


(a) 


(b) 


When the switch is opened, the branch containing R, 
is no longer part of the circuit. The capacitor discharges 
through (R, + R5) with a time constant of 
(R, + R3)C = (15.0 KQ + 3.00 kQ)(10.0 JF) = 0.180 s. The 
initial current I; in this discharge circuit is determined 
by the initial potential difference across the capacitor 
applied to (R, + R3) in series: 

(AV). IR; (333 wA)(15.0 KQ) 


je - = =278 UA. 


(R,+R3) (Ry, +R3) (15.0 kQ+3.00 kQ) 


Thus, when the switch is opened, the current through R, changes instantaneously from 
333 uA (downward) to 278 uA (downward) as shown in the graph. Thereafter, it decays 


according to 


Tp, = Tye! ®)° =! (278 Ale C809 (for t > 0) |. 


Chapter 28 
I; (mA) Switch 
0.333 opened 
0.278 - — — 
| 
| 
t=0 
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FIG. P28.71(c) 


The charge q on the capacitor decays from Q; to 2 according to 


q= Q;e +R3)C 


1 


Qi _ o _,{-1/0.180 s) 
5 Qie 


5 = ¢t/0180 s 


In5 


~ 180 ms 
t = (0.180 s)(In5) =| 290 ms 


First let us flatten the circuit on a 2-D plane 
as shown; then reorganize it to a format 
easier to read. Notice that the five resistors 
on the top are in the same connection as 
those in Example 28.5; the same argument 
tells us that the middle resistor can be 
removed without affecting the circuit. The 
remaining resistors over the three parallel 
branches have equivalent resistance 


-1 
Ra) =| 5.00 Q |. 
7 (20 20 10 


So the current through the battery is 
AV 120V — 


Ry. 3000)’ 


2.40 A |. 


"4 


FIG. P28.72(a) 
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P2873 AV=e0e/RO 


E 1 
so In) — |=| — t. 
62 E ) 
A plot of inf =) versus f should 
AV 


be a straight line with slope equal 


to —. 
RC 


Using the given data values: 


FIG. P28.73 
(a) A least-square fit to this data yields the graph above. t(s) | AV(V)  In(e/AV) 
> x; = 282, ¥ x? =1.86 «104, E AS 
R 4.87 5.55 0.109 
2.3205 2:95:00 zd 111 493 0228 
N(5 xyy;)- (x; i 194 4.34 0.355 
ae ow) È loons 30.8 3.72 0.509 
N(Y.7)- (221) s ' 
46.6 3.09 0.695 
(ENE) -ENE xy) 67.3 247 0.919 
Intercept = ; = 0.088 2 
N$ x) -È x) 102.2 1.83 1.219 
The equation of the best fit line is: inf =) = (0.011 8)t + 0.088 2 |. 
: : 1 1 
(b) Thus, the time constant is T=RC= = =| 84.7 s 
slope 0.0118 
and the capacitance is aae OR a =| 8.47 uF |. 
R 100x10° Q 
P28.74 (a) For the first measurement, the equivalent circuit is as Ri 
shown in Figure 1. j C b 
Ry =R, =R, +R, =2R, Ry Re Ry 
so k= ze (1) 
2 Figure 1 
For the second measurement, the equivalent circuit is 
shown in Figure 2. R2 
1 a € -—— ——- ec 
Thus, Rx =R, = zv +R,. (2) 
Substitute (1) into (2) to obtain: Ry Ry Rx 
1/1 1 
Re=3[FR e Rsor ii eq . 
Figure 2 
(b) If R, 213.0 Q and R, 26.00 Q, then | R, = 275 Q |. FIG. P28.74 


The antenna is inadequately grounded | since this exceeds the limit of 2.00 O. 


P28.75 


*P28.76 
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The total resistance between points b and c is: 200KQ CG = 2.00 uF 

(2.00 kQ)(3.00 KQ) 

~ 2.00 kQ +3.00 KQ 

The total capacitance between points d and e is: 
C 2 2.00 uF +3.00 uF = 5.00 uF. 


=1.20 kQ. 


3.00 KQ Q = 3.00 uF 


The potential difference between point d and e in this series RC s ka Ht 

circuit at any time is: F f 
AV = efi - e 7 |= (1200 v)[1- e 1], 

Therefore, the charge on each capacitor between points d and e is: E TaS 

qı =C,AV - (2.00 uFJ(120.0 V1 - e 1 P/5]- | (240 uc)f1- e 19e] 

and q; - C, (AV) - (3:00 4F)(120.0 V [1 - e! "/5]- (360 uc e 19] |. 

(a) Letirepresent the currentin the battery and i, the current charging the capacitor. Then i—i, is 


thecurrentinthe voltmeter. The loop rule applied to the inner loop is +£- iR — ` =0.Theloop 


rule for the outer perimeter is ¢—iR-(i-i, )r 0. With i, = a, this becomes e - iR — ir + 4, =0. 


Between the two loop equations we eliminate i = x Gy by substitution to obtain 


& -(R*r) RN PET 
R RCj dt 
R+r Retr qq 0 


r q Rr dq 
E+— + = 
R+r C R+rdt 


This is the differential equation required. 


(b) To solve we follow the same steps as on page 875. 


dq e R+r R+r erC 
dt R RrC RrC R+r 


q d t q t 

j q ur ma 2 Rer 

od-erC/R*er) = Rr, Rr Jo RrC |o 

" q— erc/(R^r) Rr, j Erc ETC Lem) 
—erc/(R+r) RrC Rer | Rer 

q= 4 Ce(1 - e TRAC) where Req = EH 
r+R R+r 

The voltage across the capacitor is V. = Aat «a eu SER 

C r«R 
(c) As t > œ the capacitor voltage approaches d E &1-0)- L . If the switch is then opened, 
r+ r+ 


the capacitor discharges through the voltmeter. Its voltage decays exponentially according 


rE RS 
r+kR 


to 
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ANSWERS TO EVEN PROBLEMS 


P28.2 


P28.4 


P28.6 


P28.8 


P28.10 


P28.12 


P28.14 


P28.16 


P28.18 


P28.20 


P28.22 


P28.24 


P28.26 


P28.28 


P28.30 


P28.32 


P28.34 


P28.36 


P28.38 


P28.40 


(a) 179 A; (b) 10.4 V 
(a) 12.4 V; (b) 9.65 V 


(a) 17.1 Q; (b) 199 A in 4 Q and 9 Q; 
1.17 A in 7 Q; 0.818 A in 10 Q 


29.5 V 

(a) see the solution; (b) no 

see the solution 

R, 21.00 kQ; R, = 2.00 kQ; R, 23.00 kQ 
470 Q and 220 Q 


(a) 11.0 Q; (b) and (d) see the solution; 
(c) 220 Q; (e) Parallel 


I, =714 mA; 1,2129 A; € =12.6 V 
see the solution 


(a) 0.385 mA in R,; 2.69 mA in R3; 
3.08 mA in R3; (b) c higher by 69.2 V 


1.00 A up in 200 ©; 4.00 A up in 70 Q; 
3.00 A up in 80 €; 8.00 A down in 20 Q; 
200 V 


see the solution 


800 W to the left-hand resistor; 25.0 W to 
each 4 Q; 450 W to the right-hand resistor 


(a) —61.6 mA; (b) 0.235 uC; (c) 1.96 A 
0.982 s 


(a) 1.50 s; (b) 1.00 s; 
(c) 200 uA + (100 pA)! 


(a) 3.91 s; (b) 0.782 ms 


t 
Cln2 


P28.42 


P28.44 


P28.46 


P28.48 


P28.50 


P28.52 


P28.54 


P28.56 


P28.58 


P28.60 


P28.62 


P28.64 


P28.66 


P28.68 


P28.70 


P28.72 


P28.74 


P28.76 


0.113 Q 


(a) 30.000 mA , 5.4000 V ; 
(b) 30.167 mA, 5.3816 V; 
(c) 29.898 mA; 5.396 6 V 


see the solution 

(a) 0.101 W; (b) 10.1 W 
15.5 A 

2.22 h 

ais 4.00 V higher 


(a) see the solution; 833 mA; 200 W; 
(b) see the solution; 4.17 A; 1.00 kW 


587 kQ 


q 49 -4R 


21? 21? 


B- AR -499, 


IR, , IR, . 
(Ri * R5) 7 R, +R,’ 
(b) see the solution 


(a) I]; = 


see the solution 
(R; +2R,)CIn2 
(a) 222 uC ; (b) increase by 444 uC 
see the solution 


(a) 5.00 Q; (b) 2.40 A 


R 
(a) R, =R, P4 (b) no; R, 2275 Q 


(a) and (b) see the solution; (c) ZEE git 
r+R 


Magnetic Fields 


PHAGTER OUTEINE ANSWERS TO QUESTIONS 


29.1 Magnetic Fields and Forces 
29.2 Magnetic Force Acting ona 


i 29.1 The force is in the +y direction. No, the proton will not 
Current-Carrying Conductor 3 2 y ; i: P " ; 
29.3 Torque on a Current Loop in continue with constant velocity, but will move in a circular 
a Uniform Magnetic Field path in the x-y plane. The magnetic force will always be 
29.4 Motion of a Charged Particle perpendicular to the magnetic field and also to the velocity of 
Troc Hr Magnetie:Fietg the proton. As the velocity changes direction, the magnetic 
29.5 Applications Involving f h d 
Charged Particles Moving in orce on the proton does too. 
a Magnetic Field 
The Hall Effect Q29.2 If they are projected in the same direction into the same 


magnetic field, the charges are of opposite sign. 


Q29.3 Not necessarily. If the magnetic field is parallel or antiparallel 
to the velocity of the charged particle, then the particle will 
experience no magnetic force. 


Q29.4 One particle veers in a circular path clockwise in the page, 
while the other veers in a counterclockwise circular path. If the 
magnetic field is into the page, the electron goes clockwise and 
the proton counterclockwise. 


Q29.5 Send the particle through the uniform field and look at its path. If the path of the particle is 
parabolic, then the field must be electric, as the electric field exerts a constant force on a charged 
particle. If you shoot a proton through an electric field, it will feel a constant force in the same 
direction as the electric field—it’s similar to throwing a ball through a gravitational field. If the path 
of the particle is helical or circular, then the field is magnetic—see Question 29.1. If the path of the 
particle is straight, then observe the speed of the particle. If the particle accelerates, then the field is 
electric, as a constant force on a proton with or against its motion will make its speed change. If the 
speed remains constant, then the field is magnetic—see Question 29.3. 


Q29.6 Similarities: Both can alter the velocity of a charged particle moving through the field. Both exert 
forces directly proportional to the charge of the particle feeling the force. Positive and negative 
charges feel forces in opposite directions. Differences: The direction of the electric force is parallel or 
antiparallel to the direction of the electric field, but the direction of the magnetic force is 
perpendicular to the magnetic field and to the velocity of the charged particle. Electric forces can 
accelerate a charged particle from rest or stop a moving particle, but magnetic forces cannot. 
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Q29.7 


Q29.8 


Q29.9 


Q29.10 
Q29.11 


Q29.12 


Q29.13 


Q29.14 


Q29.15 


Q29.16 


Since Fz = q(v x B), then the acceleration produced by a magnetic field on a particle of mass m is 
ap = EN x B). For the acceleration to change the speed, a component of the acceleration must be in 
m 


the direction of the velocity. The cross product tells us that the acceleration must be perpendicular to 
the velocity, and thus can only change the direction of the velocity. 


The magnetic field in a cyclotron essentially keeps the charged particle in the electric field for a 
longer period of time, and thus experiencing a larger change in speed from the electric field, by 
forcing it in a spiral path. Without the magnetic field, the particle would have to move in a straight 
line through an electric field over a distance that is very large compared to the size of the cyclotron. 


(a) The qv x B force on each electron is down. Since electrons are negative, v x B must be up. 
With v to the right, B must be into the page, away from you. 


(b) Reversing the current in the coils would reverse the direction of B, making it toward you. 
Then v x B is in the direction right x toward you = down, and qv x B will make the electron 
beam curve up. 


If the current is in a direction parallel or antiparallel to the magnetic field, then there is no force. 
Yes. If the magnetic field is perpendicular to the plane of the loop, then it exerts no torque on the loop. 


If you can hook a spring balance to the particle and measure the force on it in a known electric field, 
then q= m will tell you its charge. You cannot hook a spring balance to an electron. Measuring the 


acceleration of small particles by observing their deflection in known electric and magnetic fields can 
tell you the charge-to-mass ratio, but not separately the charge or mass. Both an acceleration 
produced by an electric field and an acceleration caused by a magnetic field depend on the 


properties of the particle only by being proportional to the ratio ath. 
m 


If the current loop feels a torque, it must be caused by a magnetic field. If the current loop feels no 
torque, try a different orientation—the torque is zero if the field is along the axis of the loop. 


The Earth’s magnetic field exerts force on a charged incoming cosmic ray, B 
tending to make it spiral around a magnetic field line. If the particle energy is [eZ 
low enough, the spiral will be tight enough that the particle will first hit some 

matter as it follows a field line down into the atmosphere or to the surface at a (a 3) 


high geographic latitude. 
FIG. Q29.14 


The net force is zero, but not the net torque. 


Only a non-uniform field can exert a non-zero force on a magnetic dipole. If the dipole is aligned 
with the field, the direction of the resultant force is in the direction of increasing field strength. 


Q29.17 


Q29.18 


Q29.19 


Q29.20 


Q29.21 
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The proton will veer upward when it enters the field and move in a counter-clockwise semicircular 
arc. An electron would turn downward and move in a clockwise semicircular arc of smaller radius 
than that of the proton, due to its smaller mass. 


Particles of higher speeds will travel in semicircular paths of proportionately larger radius. They will 
take just the same time to travel farther with their higher speeds. As shown in Equation 29.15, the 
time it takes to follow the path is independent of particle’s speed. 


The spiral tracks are left by charged particles gradually losing kinetic energy. A straight path might 
be left by an uncharged particle that managed to leave a trail of bubbles, or it might be the 
imperceptibly curving track of a very fast charged particle. 


No. Changing the velocity of a particle requires an accelerating force. The magnetic force is proportional 
to the speed of the particle. If the particle is not moving, there can be no magnetic force on it. 


Increase the current in the probe. If the material is a semiconductor, raising its temperature may 
increase the density of mobile charge carriers in it. 


SOLUTIONS TO PROBLEMS 


Section 29.1 Magnetic Fields and Forces 


P29.1 


P29.2 


(a) up 


(b) out of the page, since the 
charge is negative. 


(c) no deflection 


(d) into the page 


At the equator, the Earth’s magnetic field is N p 
horizontally north. Because an electron has J4 i D 
! ; "v : ; W E ot v 
negative charge, F = qv x B is opposite in direction M Sf GS) 
to v x B. Figures are drawn looking down. S 


(a) Down x North = East, so the force is 
directed | West |. FIG. P29.2 


(b) North x North = sin0?- 0: | Zero deflection |. 


(c) West x North = Down, so the force is directed | Up |. 


(d) Southeast x North — Up, so the force is | Down |. 
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P29.3 


P29.4 


P29.5 


P29.6 


P29.7 


P29.8 


F; =qvxB; F;|(-j)=-elvlixB i { 
Zi Je x 
Therefore, B = [B\(-k) which indicates the | negative z direction |. z 
FIG. P29.3 
(à ^ Fg-qoBsin6- (60x10? C)(3.00 x 10° m/s\(3.00 x 10 T)sin37.0° 
Fp =| 8.67x 1074 N 
-14 
()  a-L-B67X10 N [519.195 ms? 
m 167x10“ kg 
F = ma - (167 x10” kgJ(2.00 x10? m/s?) = 3.34x10-* N = qoBsin 90° | vxB 
-14 
EE — x ; -[2.09x107 T 
qo (1.60x10- C)(100x107 m/s) B 
The right-hand rule shows that B must be in the —y direction to yield a force in FIG. P29.5 


the +x direction when v is in the z direction. 


First find the speed of the electron. 


2(1.60x 10 ^ C (2400 J/C 
AK s d eV AH gees | I / Essen m/s 
2 m (9.115107?! kg) 


(a) ^ Fg -qoB- (160x107 C)(2.90 x107 m/s)(1.70 T) =| 7.90 x10? N 


(b) Fg, min =| 0 | occurs when v is either parallel to or anti-parallel to B. 
F; = quBsin so 8.20 x10 N =(1.60 x10? C)(4.00 x10% m/s)(170 T) sind 
sin 0 = 0.754 and 0 = sin ! (0.754) =| 48.9? or 131° |. 


Gravitational force: F, = mg = (9.11 x10! kg)(9.80 m/s?) =| 893x107? N down í 


Electric force: F, =qE= (-1.60 x10” C)(100 N/C down) =| 160x107 N up |. 


Magnetic force: F; = qv x B=(-1.60x 10" C)(6.00x10° m/s E)x(50.0x10-° N-s/C-m Ñ). 


F; --480x10 "7 N up=| 4.80 x 107” N down |. 
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P29.9 F; =qvxB 
i j k 
vxB=|+2 -4 +1|=(12-2)i+(1+6)j+(4+4)k=10i+7j+8k 
+1 +2 -3 


|v x B[ 2 410? +7? +8? 2146 T-m/s 
|F;| - lv x B|=(1.60 x10? C\(14.6 T-m/s)=| 234x10 ^ N 


gE - (-1.60 x10™ C)(20.0 N/C)k = (3.20 105 N)k 


P29.10 
SF =qE+qvxB=ma 
(-3.20 1075 N)k -1.60 x10 C(120x10* m/si) x B= (9111x107 (200x107 m/s” )k 
-(8.20 x10" N)K - (1.92 10" C-m/s}i x B- (182x105 N)k 
(1921075 C.m/s)i x B=-(5.02 x 10-8 N)k 
The magnetic field | may have any x-component |. B, =| 0 | and B, =| —2.62 mT |. 
Section 29.2 | Magnetic Force Acting on a Current-Carrying Conductor 
P29.11 — Fj-ILBsin0 with Fz=F,=mg 
FIG. P29.11 


mg -ILBsinO so Tg - IBsin 
100 
and. Cesos iS CINE soot odas, 
L 1000 g/kg 


1=2.00 A 
(5.00 x 10 *)(9.80) = (2.00)Bsin 90.0° 


eastward |. 


Thus 
with the direction given by right-hand rule: 


0.245 Tesla 


B= 
F; = If x B= (2.40 A)(0.750 m)i x (1.60 T)k = 


(-2.88j) N 


4.73 N 


P29.12 
F; = ILBsin 0 = (5.00 A)(2.80 m)(0.390 T)sin60.0*— 


5.46 N 


P2913 (a) 


F; = (5.00 A)(2.80 m)(0.390 T) sin 90.0°= 


(b) 
4.73 N 


(c) Fp = (5.00 A)(2.80 m)(0.390 T) sin 120° = 
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P29.14 


P29.15 


P29.16 


P29.17 


[Fp] omg I|/ x B| 
pg 
mg (0.0400 kg/m)(9.80 m/s?) 


= =| 0.109 A 
B4 3.60 T 


x 
X X XB XxX XX KX X 


The direction of I in the bar is | to the right |. 


FIG. P29.14 
The rod feels force F; = I(d x B) = Id(k) x B(-) = IdB(i). | | | | 
The work-energy theorem is (Ky, +Krot); + AE = (K wans + Krot) f — 
Doe E eS 
0+0+F, cosO=—mv* +—Io 
2 2 A 


2 
IdBL cos 0° = T m? ex mr? (Z) and ae" ae Y 

2 2X2 R 4 x = 

z i 


_ [aldBL _ [4(48.0 A)(0.120 m)(0.240 T)(0.450 m) _ 
in mm | 3(0.720 kg) [107 mys | 


The rod feels force Fz = I(d x B) = Id(k) x B(-j) = IdB(i). 


FIG. P29.15 


The work-energy theorem is (K tK) 


trans trans 


+ Ky); t AE - (K f 


0+0+ Pscos0= mo? + Flo? 


2 
IdBLcos0°= 1 mo? + : E mr? | z) and v= AlGBL. ' 


The magnetic force on each bit of ring is 

Ids x B= IdsB radially inward and upward, at 
angle @ above the radial line. The radially 
inward components tend to squeeze the ring 
but all cancel out as forces. The upward 
components IdsBsin@ all add to 


IZ2zrBsinOup |. 


FIG. P29.17 
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P29.18 For each segment, I =5.00 A and B = 0.020 0 N/A -mj. 


Segment l F; = I(x B) Y| 
ab -0.400 m j 0 isa 
bc 0.400 m k (40.0 mN)(-i) gc ole 
C 
cd — -0.400 mi+0.400 mj — |(400 mN)(-k) t fatt 


; ^ Ae FIG. P29.18 
da 0.400 mi-0.400mk | (40.0 mN)(k-i) 


P29.19 Take the x-axis east, the y-axis up, and the z-axis south. The field is 


CRISPY CREAMY, 
, 


B = (52.0 iT) cos 60.0*(-k) + (52.0 JT) sin 60.0" (-). 


The current then has equivalent length: L' = 1.40 m(-k) -- 0.850 m(j) 


E, = IL’ x B (0.035 0 AJ(0.850j - 1.40K) m x (-45.0j - 26.0k)10% T BIG P2212 


F; = 3.50 x 10* N(-22.1i - 63.01) = 2.98 x10% N(-i) - [2.98 uN west 


Section 29.3 Torque on a Current Loop in a Uniform Magnetic Field 


P29.20 (a) Azr = 2.00 m 


so r =0.318 m 


4 - IA - (170x10? AJ[z(0.318)" m?]= 5.41 mA-m? 


(b) T-uxB 


so T= (5.41 x10? A -m° (0.800 T)=| 433 mN-m 


P29.21  r- uBsinÓ so 4.60 x 10° N -m = 10.250) sin 90.0? 


1-184x10? A-m? =| 18.4 mA -m° 
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P29.22 (a) Let O represent the unknown angle; L, the total length of the wire; and d, the length of one 
side of the square coil. Then, using the definition of magnetic moment and the right-hand 
rule in Figure 29.15, we find 


A7 NAI: u= (Ey *I at angle Owith the horizontal. 


At equilibrium, 2 (uxB)- (rx mg) = 


M 
ws (entire 


TENES | ILB Js „a| 840 AX400 m)(0.010 0 T) 
2 2(0.100 kg)(9.80 m/s”) 


7 Jsintso 0) met sind =0 


=| 3.97° |. 


(b) t= (EE koso - 1040 A)(4.00 m)(0.010 0 T)(0.100 m)cos3.97?2 | 3.39 mN -m 


P29.23 t= NBAI sinó 
r= 100(0.800 T)(0.400 x 0.300 m? (1.20 A)sin 60° 


T=| 9.98 N-m 


Note that ¢is the angle between the magnetic 
moment and the B field. The loop will rotate so as 
to align the magnetic moment with the B field. 
Looking down along the y-axis, the loop will rotate 
ina | clockwise | direction. 


FIG. P29.23 


P29.24 From r=yxB=IJAxB, the magnitude of the torque is IAB sin 90.0°. 


(a) Each side of the triangle is ON à 


Its altitude is 413.3? — 6.677 cm - 11.5 cm and its area is 
A- BE cm)(13.3 cm) 2 7.70 x10? m?. 


Then z= (20.0 A)(7.70 x 10? m? (0520 N-s/C-m)=[ 80.1 mN-m ]. 


(b) Each side of the square is 10.0 cm and its area is 100 cm? = 10 ? m?. 


r = (20.0 A)(10-? m?)(0.520 T) - [0.104 N: m 


(c) LA 
20 
A-2zr? 2127x10? m? 


r = (20.0 A)(1.27 x10? m?)(0.520) - [01132 N-m 


(d) The circular loop experiences the largest torque. 


P29.25 


P29.26 


P29.27 


*P29.28 
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Choose U = 0 when the dipole momentis at 0 = 90.0? to the field. The field exerts torque of magnitude 
uBsin@ on the dipole, tending to turn the dipole moment in the direction of decreasing 0. According 
to Equations 8.16 and 10.22, the potential energy of the dipole-field system is given by 


0 


0 
iq m: sinĝ d0 = HB(— cos 0)... 


90.0° 


=-uBcosĝð+0 or U=-y-B}. 


(a) The field exerts torque on the needle tending to align it with the field, so the minimum 
energy orientation of the needle is: 


pointing north at 48.0° below the horizontal 


where its energy is Umin = —uBcos0?- (9.70 10? A -m?J(550 x10% T) = -5.34x107 J. 


It has maximum energy when pointing in the opposite direction, 


south at 48.0° above the horizontal 


where its energy is U max = -4B cos180° = «(9.70 x10? A. m? (55.0 x10 * T) = 45.34 x 10 7 J. 


(b) — Us +W =Umax: W =Umax -U min =+5.34x 107 J- (2534x107 J) 2 [107 4j 


(a) T=pxB, so T =|u x B|= uBsin0 = NIABsin 


Tmax = NIABsin90.0° = 1(5.00 A)[x(0.050 0 m)? [3.00 x10? T)=[118 Nm 


(b) U --gu-B,so -uB<U K< +uB 


Since uB = (NIA)B =1(5.00 A)[x(0.050 0 m) [3.00 x10? T)=118 4J, 


the range of the potential energy is: | -118 4J EU € 4118 4j |. 


(a) Ic» |u x B| = NIABsin 0 


Tmax = 80(107 A)(0.025 m-0.04 m)(0.8 N/A-m)sin90°=| 640x10 * N-m 


max 


(b) Ray = Tmax = 6.40 x 10+ N-m(3 600 rev min] Pro IE =| =| 0.241 W 
lrev 60 s 


(c) In one half revolution the work is 
W = U max —Umin = -uBcos180?-(- uB cos 0°) = 2uB 
= 2NIAB = 2(6.40 x104N m) -128x10?] 


In one full revolution, W = 2(1.28 x10? J) - | 256x107 J]. 


(d) p -W 256x107]. 


Pon = 0.154 W 
S At  (160)s 


The peak power in (b) is greater by the factor 2 
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Section 29.4 Motion of a Charged Particle in a Uniform Magnetic Field 


P29.29 (a) B=50.0x 10° T; v=6.20x10° m/s 


ee N 
Pad 

Direction is given by the right-hand-rule: | southward Bp w= E 

Fg = quBsin@ | S 

Fp =(1.60 x10 C)(6.20 x 10° m/s)(50.0 x10% T) sin 90.0 
FIG. P29.29 

=| 4.96 x10" N 
2 
2 2 (167x107 kg}(6.20x 10° m/s 
b) F=% sr: A I - ae 1.29 km 
r F 496x107 N 
P29.30 Qu - q(AV) ;62 x10% kg)o? - (160x107 C)(833 V) 0-913 km/s 


The magnetic force provides the centripetal force: quB sin 0 = Be 
r 


ym (3.20 «1075 kg)(9.13 x10* m/s) 


2 


"T = a 
qBsin90.0° (1.60 x10? C)(0.920 N-s/C-m) 


P29.31 For each electron, 


2 
qluB sin90.0° = 7 
r 


1.98 cm |. 


eBr 


and v= 


The electrons have no internal structure to absorb energy, so the collision must be perfectly elastic: 


1 1 
K= 5 moi; +0= Soi + 


1 (e?B*R2) 1 
K=—m 1 lpi 
2 | m? 2 


e(1.60 x10- C)(0.0440 N-s/C-m 


2(9.11 10?! kg) 


2 
P29.32 We begin with quB = ee so v=——. 
m 


The time to complete one revolution is T = 


Solving for B, B = BOM 
qT 


qRB 


6.56 x10? T |. 


1 2 

=m 

2 f 

2p2p2 2p2 

e'B^R5| e*B 2 2 
= 2 (R? Ri) 


2m R AxR 2mm 


v ~ gRB/m | gB ` 


2 
) [(0.010 0 m)" +(0.0240 m)? |= [115 keV 


P29.33 


P29.34 


P29.35 


P29.36 


q(AV) = Qm or 
mo? 
Also, quB = —— so 
T 
Therefore, 
and 


The conclusion is: 


(a) We begin with 
Or 


But 


Therefore, 


(b) Thus, 


qB (160x107? C)(5.20 T) 
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mo m pow qu 


i 
qB qB m qB? 
ie 2m, (AV) 
r a — 
eB 


1 -2malAV) _ Xm, AV) _ 
q,B? eB? 


2 2ma(AV) _ 2(4m, AV) _ 


eB? 


4 ae De 


* q,,B? (2e)B? 


Ta =Vq = 2r, ; 


qRB = mv. 


L=mvR=qR°B. 


(m " 


eB? 


L 4.00 x 10? J.s a 
P is p | (1.60 x 10°” C\(1.00x10° T) - SIS UE 


L 4.00 x 10 J.s 


Lii mR -31 
(9.11x10®" kg)(0.050 0 m) 


o= = 


m 1.67 x10 7 kg 


Qu = q(AV) so 


mo 

PB SO 
q 

2(AV 

yim. od and 
q 
p^? 

med 4 and 


-|498x10* rad/s 


2q(AV) 


p= 


m 
>E Lae U 
q 


' (AV 
(ry B " j a 
(m))- (a)8^ (y z 
(AV) 


=| 8.78x10° m/s |. 
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P29.37 


*P29.38 


E lap = eAV 
2 


and 


(a) 


(b) 


(c) 


(d) 


(e) 


2 
evB sin90° = P"? 
R 


mo m p „`l p 
eR eR 


m R e 
2(1.67 x10 7 kg)(10.0 x 10° V 
— | | i ) [73938777 
5.80 x10 m 160x10 C 
At the moment shown in Figure 29.21, the particle must be i 
moving upward in order for the magnetic force on it to be — 
into the page, toward the center of this turn of its —— \—— B 


spiral path. Throughout its motion it circulates clockwise. 
FIG. P29.38(a) 


After the particle has passed the middle of the bottle and v 
moves into the region of increasing magnetic field, the P 
magnetic force on it has a component to the left (as well as 1 B 
a radially inward component) as shown. This force in the 

-x direction slows and reverses the particle's motion along "n add 
the axis. 


FIG. P29.38(b) 
The magnetic force is perpendicular to the velocity and does no work on the particle. The 


particle keeps constant kinetic energy. As its axial velocity component decreases, its 
tangential velocity component increases. 


The orbiting particle constitutes a loop of current in the yz —L 
plane and therefore a magnetic dipole moment I A = T A REZ 


in the — direction. It is like a little bar magnet with its N 


pole on the left. FIG. P29.38(d) 
Problem 17 showed that a nonuniform magnetic field B 

exerts a net force on a magnetic dipole. When the dipole is AS 

aligned opposite to the external field, the force pushes it Gc S 

out of the region of stronger field. Here it is to the left, a a 
force of repulsion of one magnetic south pole on another p aa 

south pole. 


FIG. P29.38(e) 


P29.39 
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mo |, _ (794107 m)(160x10™ C)(1.80 T) 
qB v 4.60 x 10? m/s 


m - 497 x 107 kg LE E 
1.66x 107 kg 


The particle is singly ionized: either a tritium ion, | TH* |, ora helium ion, | 3He* |. 


Section 29.5 Applications Involving Charged Particles Moving in a Magnetic Field 


P29.40 


P29.41 


P29.42 


F, - F, 


so quB =qE 


where v= as and K is kinetic energy of the electron. 
m 


(aK, |2(750)(1.60 x10”) 
E=vB= B= 0.015 0) =| 244 kV 
m | 911x102! ( ) | 244 kV /m | 


2q(AV 
K= T -q(AV) SO v= MAV) 
2 m 
2 
mv mo m |2q(AV)/m 1 |Zm(AV) 
eam am ART 
T qB q B B q 


2(238 x 1.66 x 107 p 000 
(a) Tog = 


1 -2 
=8.28 x10 m =[8.28 cm 
1.60 x 10-7? os] 3 


(b) T235 =| 8.23 cm 


Tos _ [M38 _ [238.05 -1.006 4 
T235 M735 235.04 


The ratios of the orbit radius for different ions are independent of AV and B. 


_E_ 2500 V/m 
B 0.0350 T 


In the velocity selector: =7.14x10* m/s. 


218x107 ke)(7.14«x104 m/s 
In the deflection chamber: r= i ( ek / =| 0.278 m |. 
qB (1.60x1077^ C)(0.035 0 T) 
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N 


P29.43 (a) Fy =quB= e 


v qBR qB (L60x10'? C\(0.450 T) 
R mR m 1.67 x10? kg 


431x107 rad/s | 


qBR (160x107 C)(0.450 T)(1.20 m) 
LUAM ï 


7 
m 167x10” kg eae 


P2944 K= Qm (34.0x10° ev (160x107? J/ev)= B x10 7 kg)? 


1.67 x10 7" kg)(8.07 x10” m/s 
0-807x107 m/s =m d si fe) 0.162 m 
qB (1.60 x10-? C)(6.20 T) 


*P29.45 Note that the “cyclotron frequency” is an angular speed. The motion of the proton is described by 


> F=ma: 
2 
lao B sin90°= LT. 
r 


B - m7 - mo 


(a) 


1.60 x107" C\(0.8 N-s/C: 
, HE. e I id "(se F] 7.66 x107 rad/s | 


m (167x107 kg) N-s? 


(b) v-or- (7.66 x 107 rad/s (0.350 m( =) -|2.68x107 m/s 


1 rad 
(9 — Kelmv? = 5 (1.67 x10” kg)(2.68 x10” m/s) ze scs 76 IDUEV 
2 2 16x10 7 J 
(d) The proton gains 600 eV twice during each revolution, so the number of revolutions is 
6 
Dd 3.13 x 10? revolutions |. 
2(600 eV) 
3 
(9 Bcc E 0 aie rev ELE 257x104 s 
@  7.66x10' rad/s\ 1rev 


N 


P2946 — F,-quB- I 


-16 
p.m 480x10 ^ kg.m/s _ 300 T 
qr (160x107? C)(1 000 m) 


P29.47 


P29.48 
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_ 1.00 cm 


= = 1.08 cm. 
sin 68.2° 


@=tan! ES = 68.2? and 


Ignoring relativistic correction, the kinetic energy of the electrons is 


|2qgAV 
Qe = qAV so R a = 133 x 108 m/s. 
m 


2 
From Newton's second law ore = quB, we find the magnetic field 


J " FIG. P29.47 
mo (911x107?! kg)(1.33 x 10° m/s) 
B=_~—= =| 701 mT J. 
WR — (160x107? C)(1.08 x10 m) 
Section 29.6 The Hall Effect 
1 1 1 28 — 3 
a) Ry = — so n= = =| 7.44x10° m 
" nq Ru — (160x107 C)(0.840 x10 m?/C) 
() AV- 
ngt 


P29.49 


ngt(AVy) (744x107? m? (160x107? C)\(0.200 x 10> m)(15.0 x10% v) 


B 1.79 T 


I 20.0 A 


Since AVy = z, and given that I = 50.0 A, B=1.30 T, and t 20.330 mm, the number of charge 
nq 


carriers per unit volume is 


n= =|1.28 x10 m? 


The number density of atoms we compute from the density: 


Ng 


mole 


_ 892 g (1 mole Y 6.02x 10” atoms \( 10° cm? 
cm? 


5 = 8.46 x10% atom/m? 
635g 1m 


So the number of conduction electrons per atom is 


n 128x10”? 
Ny  846x10? 


1.52 
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f 0800 T 
P2950 (a)  AVq=2% gee ee Be EE a 


ngt I AVy 0200x10 5v 


Then, the unknown field is B= (5E ava) 


B - (114x105 T/V)(0.330 105 V) 2 0.027 7 T =| 37.7 mT]. 


t 
(b) T^ 2144x105 T/V so n=(114x10° 1/V)— 
q 


B 5 0.120 A E = 
n=(114x10° T/V) (150179 cy200x197 aj 429x107? m? |. 


ng(AV4) (849x107 m°*)(1.60 x10"? CJ(5.00x10? mJ(510x10"? v) 
AED M 8.00 A 


B-433x10? T=] 43.3 4T 


P29.51 B 


Additional Problems 


P29.52 (a) The boundary between a region of strong magnetic field and a 
region of zero field cannot be perfectly sharp, but we ignore the 
thickness of the transition zone. In the field the electron moves on 
an arc of a circle: 


$ F=ma: 


2 
sees AN 
lao B sin 90° = ae 


FIG. P29.52(a) 


et teh lq|B 2 (1.60 x107! CJ10? N-s/C-m) 
r e m (911 x10! kg) 


=1.76x10° rad/s 


The time for one half revolution is, 
from | A0- ot 


A0 | zrad E 
o 176x105 rad/s 


179 x10? s |. 


(b) The maximum depth of penetration is the radius of the path. 
Then v-or-(L76x105 s (0.02 m) 2351x105 m/s 
and 


|. 562x105 J-e 
160x107 C 


2 
K=- mo? = 5 (911x107 kg)(3.51 10° m/s) = 5.621075 J 


=| 35.1 eV |. 


P29.53 


P29.54 


P29.55 


(a) Define vector h to have the downward direction of the current, 


(b) The sodium, consisting of ions and electrons, flows along the 


Chapter 29 


and vector L to be along the pipe into the page as shown. The 


electric current experiences a magnetic force |. 


I(h x B) in the direction of L. 


pipe transporting no net charge. But inside the section of 
length L, electrons drift upward to constitute downward 
electric current J x (area) = J Lw. 


FIG. P29.53 


The current then feels a magnetic force I lh x B| = JLwhBsin90°. 


This force along the pipe axis will make the fluid move, exerting pressure 
F  JLwhB | 
area hw 


JLB |. 


DF, =0: +n—mg =0 


$F, =0: -un + IB sin90.0°= 0 


p Amg 0.100(0.200 kg)(9.80 m/s?) 
Id (10.0 A)(0.500 m) 


=| 39.2 mT 


The magnetic force on each proton, Fp = qv x B= quBsin90? downward 
perpendicular to velocity, causes centripetal acceleration, guiding it into a 
circular path of radius r, with 


quB = In. 
r 
and poe. 
qB 
We compute this radius by first finding the proton's speed: 
UE) 
HERE FIG. P29.55 


2(5.00 x 10° eV (1.60x 10? J/eV 
v= a = I = l NT m/s. 
m 1.67 x10 ^ kg 


mo (167x107 kg)(3.10 x10” m/s) 


Now, r= jj = 6.46 m. 
qB (160x107 C)(0.0500 N-s/C-m) 

(b) From the figure, observe that 

: 100m im 

sina = - 
6.46m 

a = 8.90? 

(a) The magnitude of the proton momentum stays constant, and its final y component is 


-(167 x107 kg)(3.10x107 m/s)sin8.90°=| -8.00x10 ?* kg-m/s |. 
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P29.56 (a) «If B= B,i+B,j+B,k, Fy =qvxB=e(v;1)x(B,i+B,j+B,k)=0+ ev;B,k— eojB,]. 


Since the force actually experienced is Fg = Ej, observe that 


B, could have any value |, | B, =0 |, and | B, = ES ; 
eUi 
s D A NE ES 3 
(b) If v=—v;i, then F; "t dni) (noni Eric - -F;j |. 
ev; 


(c) If q 2 —e and v vj, then Fs -qw xB= ei) Bi +0- Eric - -Fj : 
ev; 


Reversing either the velocity or the sign of the charge reverses the force. 
P29.57 (a) The net force is the Lorentz force given by 
F = gE+qvxB=q(E+v~xB) 
F=(3.20x10-” Jes -1j- 2k)» (2i - 3j - 1k] x (2i « 4j i£) N 


Carrying out the indicated operations, we find: 


F- (3.521 -1.60j) x10 5 N |. 


F ; 
(b) 0- cos ( x -cos! Ps =| 244? 
F (3.52)? + (1.60)? 
P29.58 A key to solving this problem is that reducing the normal force will reduce (up) 
the friction force: Fz = BIL or B= i n| o AF, 
t ae 
Sf I N 
When the wire is just able to move, XF, =n+Fzcos@-—mg =0 Oe, 


S 
SO n = mg — Fg cos 0 Gul B 
( 


and f =u(mg - Fg cos). dn) 
Also, > F, =F, sind- f =0 FIG. P29.58 
so Fz sin = f: F; sin@ = u(mg — Fg cos0) and heo 

We minimize B by minimizing Fz: m. ( CORTE usinb = cos. 


umg 
dé (sin 8 + ucos 8)? 


Thus, 0= (E =tan | (5.00) 2 78.7? for the smallest field, and 
u 


pal -(&) (m/L) 


IL I /sin@+ ucosé 
(0.200)(9.80 m/s?) 0100 kg/m — 
a 1.50 A sin 78.7°+(0.200)cos78.7° ` 


B nin = 0428 T pointing north at an angle of 78.7? below the horizontal 
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*P29.59 The electrons are all fired from the electron gun with the same speed v in 


1 |2 AV 
U;=Ky qV = Que (-e)(-AV) = "v v= » 
e 


For $ small, cos ó is nearly equal to 1. The time T of passage of each electron in the chamber is given 
by 


"VL 
d=0T T= { 7 
2eAV 


Each electron moves in a different helix, around a different axis. If each completes just one 
revolution within the chamber, it will be in the right place to pass through the exit port. Its 
transverse velocity component v, = vsing swings around according to F, = ma, 


2 1/2 
qv Bsin90°="—+ — ego T om lg, = T= met fe) 
r r € € 
ut SEE | d a 2a(2m.a¥’ 
Ble (2AV)'? d e i 


*P29.60 Let v; represent the original speed of the alpha particle. Let v, and v, represent the particles’ 


speeds after the collision. We have conservation of momentum 4m o; = 4m „va +m,v, and the 


p 


relative velocity equation v; -0 =v, —v,. Eliminating v;, 


3 
40,40, 740,0, 30, - 8v, Ve TRU 
For the proton's motion in the magnetic field, 
2 

mv BR 

$ F=ma ev ,Bsin 90° = P aS =2,. 
m 
p 
For the alpha particle, 
4m ,v? 2m,0 2m 2m BR 
2ev,Bsin90° - —EL—- r = r= p34 = cde a 
Ta eB eB 8 eB 8 m, 4 
P29.61 Let Ax, be the elongation due to the weight of the wire and let Ax; ur 


be the additional elongation of the springs when the magnetic field I 120Q 240V 
is turned on. Then Fragnetic = 2kAx; where k is the force constant of 


the spring and can be determined from k = zx (The factor 2 is 
1 


0 © © © o jo — 
included in the two previous equations since there are 2 springs in ( 

e g © © © © © 
parallel.) Combining these two equations, we find 


<— 5.00 cm —> 


F 


magnetic 


A 
-2 —5. Mx, = 7522. but [F,| = IL x B|- ILB. FIG. P29.61 


0.100)(9.80)( 3.00 x 10 ? 
Therefore, where I = contd =2.00 A, B= Hee. X X ) 
12.0 Q ILAx,  (2.00)(0.050 0)(5.00 x 10°) 


=| 0.588 T |. 
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P29.62 Suppose the input power is 


120 W =(120 V)I: I~1A=10° A |. 

Suppose o = 2000 rev/ min( i i m — 200 rad/s 
and the output power is 20 W = rw = £(200 rad/s) | r~10* N-m |. 
Suppose the area is about (3 cm) x (4 em), or A—10? m? |. 
Suppose that the field is B~10" T|. 


Then, the number of turns in the coil may be found from v = NIAB: 


0.1 N-m~ N(1 C/s(10? m?J(10 N-s/C-m) 


giving N~10° |. 


*P29.63 The sphere is in translational equilibrium, thus 
f;-Mgsind=0. (1) 
The sphere is in rotational equilibrium. If torques are taken about the 
center of the sphere, the magnetic field produces a clockwise torque of 


magnitude uB sin @, and the frictional force a counterclockwise torque 
of magnitude f,R, where R is the radius of the sphere. Thus: 


f,R- uBsin8 - 0. Q) 


From (1): f, = Mgsin@. Substituting this in (2) and canceling out sin 0, 

one obtains 

uB - MgR. (3) 
Mg — (0.08 kg)(9.80 m/s?) 

zNBR  z(5)(0.350 T(0.2 m) - 

counterclockwise as seen from above. 


FIG. P29.63 


Now u= NIz R?. Thus (3) gives I = 0.713 A |. The current must be 


P29.64 Call the length of the rod L and the tension in each wire alone i Then, at equilibrium: 
YF, =T sin 0 - ILBsin90.0° = 0 or T sin = ILB 


YF,-Tcos0- mg -0, Or T cos0 = mg 
m/L 
aiga es R or p=! / Boni 4$ tang 
mg (m/L)g I 
mo? 
P29.65 J.F =ma or qoBsin90.0? = —— 
* 
NONE qB 
.. the angular frequency for each ion is — = @ =— = 27 f and 
r m 
VE -&( 1 1] (160x107 a 1 1 ) 
P iM 2m\m3 myu) 2a(166x107 kg/u) \120u 140u 


Af = fiz — fig = 4-38 x 107 s! =| 438 kHz 
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P29.66 Let v, and v, be the components of the velocity of the positron parallel 
to and perpendicular to the direction of the magnetic field. 


a The pitch of trajectory is the distance moved along x by the 
P J y & x by 
positron during each period, T (see Equation 29.15) 


p=v,T =(vcos se (2t 
Bq 


d ài FIG. P29.66 
(5.00 x 10° )(cos85.0°)(2z)(9.11 x10") : 
p- T -|104x10* m 
0.150(1.60 x 10?) 
(b) From Equation 29.13, pestis ORIEN 
Bq Bq 
9.11 x 10" |(5.00 x 10° (sin 85.0°) 
l I | -|189x10* m 
(0.150)(1.60 x 107^) 
P29.67  |r|- IAB where the effective current due to the orbiting electrons is I= i = 1 
27K 
and the period of the motion is puce 
v 
k 2 2 
The electror’s speed in its orbit is found by requiring ue QUU or v= q Ke , 
R R mR 
mR? 
Substituting this expression for v into the equation for T, we find T=22 m 
q Ke 


(911x10! )(5.29 x10)" ere e. 


T=22 5 
(1.60 x 10:7) (8.99 x 10°) 


-19 2 
Therefore, d=(2)ap SOUND z(5.29 x 10-1 J (0.400) =| 3.70 x10 * N-m |. 


~ 152x107 


B B B 
P29.68 Use the equation for cyclotron frequency = 1 ag ee cod 
m o 2zf 


(1.601077? C)(5.00 x 107 T) > 
m= =| 3.82 x10 ^ kg |. 
(27)(5.00 rev/1.50 10? s) 
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P29.69 


P29.70 


(a) 


(b) 


(a) 


(b) 


K- Qn = 6.00 MeV - (6.00 105 ev (1.60x 107? J/eV) 


K =9.60x 1073 J 


2(9.60 x 10- J) ; 
v= =F = 3.39 x10’ m/s 
1.67 x107 kg 


mo? 


Rgcquoer n FIG. P29.69 
1.67 x10 7 kg (3.39 x10" m/s 
gm d X Lm 
qB (1.60»1077* C)(1.00 T) 


Then, from the diagram, x = 2R sin 45.0? = 2(0.354 m) sin 45.0° = | 0.501 m 


From the diagram, observe that 6’ =| 45.0? |. 


See graph to the right. The 
Hall voltage is directly 
proportional to the magnetic 
field. A least-square fit to the 
data gives the equation of the 
best fitting line as: 


AVa - (1.00 x10 V/TJB |. 


Comparing the equation of 
the line which fits the data FIG. P29.70 
best to 


av, I) 
ngt 


observe that: L -100x10^ V/T, or t= : 
nq 


nq(1.00 x10~* V/T) 


Then, if I = 0.200 A, g=1.60 x107” C, and n =1.00 x10% m °°, the thickness of the sample is 


t= ae 2125x107 m=] 0.125 mm |. 


(1.00 10% m? (160x107 C)(1.00 x10 v/T) 


P29.71 


P29.72 


(a) 


(b) 
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The magnetic force acting on ions in the blood stream will 
deflect positive charges toward point A and negative 
charges toward point B. This separation of charges 
produces an electric field directed from A toward B. At 
equilibrium, the electric force caused by this field must 
balance the magnetic force, so 


quB = qE = (57. 


FIG. P29.71 


160x105 V 
Or v= Ole. ( z =| 1.33 m/s : 
Bd (0.0400 T)(3.00 10? m) 


No |. Negative ions moving in the direction of v would be deflected toward point B, giving 


A a higher potential than B. Positive ions moving in the direction of v would be deflected 
toward A, again giving A a higher potential than B. Therefore, the sign of the potential 
difference does not depend on whether the ions in the blood are positively or negatively 
charged. 


When in the field, the particles follow a circular path 0 
P P ref, B is directed 


2 
according to quB = ne. so the radius of the path is: r — € yz 
d q 


(a) 


(b) 


(c) 


h | out of the page 


Bh 
When r=h= ae that is, when | v = He ,the 
q 


m 


particle will cross the band of field. It will move in 
a full semicircle of radius h, leaving the field at 


(2h, 0, 0) with velocity | v; =—9j |. 


FIG. P29.72 


Bh 
When v« E the particle will move in a smaller | semicircle | of radius r = - <h. It will 
m 


^ 


leave the field at (2r, 0, 0) with velocity | v, =—dj |. 


Bh 
When v» e the particle moves in a | circular arc | of radius r = "1 » h, centered at 
m 


(r, 0, 0). The arc subtends an angle given by 0= sin! (4) . It will leave the field at the point 
r 


with coordinates pa — cosQ), h, 0] with velocity | v ; = vsin6i + vcos6j ; 


ANSWERS TO EVEN PROBLEMS 


P29.2 


P29.4 


P29.6 


(a) west; (b) no deflection; (c) up; P29.8 Gravitational force: 8.93 x 10 ? N down; 
(d) down Electric force: 16.0 aN up; 


Magnetic force: 48.0 aN down 


(a) 86.7 fN ; (b) 51.9 Tm/s? 


P29.10 — B, - 2.62 mT; B, =0; B, may have any 


(a) 7.90 pN; (b) 0 value 
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P29.12 


P29.14 


P29.16 


P29.18 


P29.20 


P29.22 


P29.24 


P29.26 


P29.28 


P29.30 


P29.32 


P29.34 


P29.36 


P29.38 


P29.40 


P29.42 


P29.44 


P29.46 


P29.48 


(-2.88j) N 
109 mA to the right 


(sum. y e 


3m 


F,, =0; Fy, = 40.0 mN(-i); 

F. = 40.0 mN(-k); E; = (40.0 mN)(i +k) 
(a) 5.41 mA-m?; (b) 433 mN -m 

(a)3.97°; (b) 3.39 mN -m 

(a) 80.1 mN m; (b) 104 mN-m; 

(c) 132 mN-m; 

(d) The torque on the circle. 

(a) minimum: pointing north at 48.0? 
below the horizontal; maximum: pointing 


south at 48.0? above the horizontal; 
(b) 1.07 JJ 


(a) 640 uN m; (b) 241 mW; (c) 2.56 mj; 
(d) 154 mW 


1.98 cm 
65.6 mT 
(a) 5.00 cm; (b) 8.78 Mm/s 


m' 


-8 
m 


see the solution 
244 kV/m 

278 mm 

162 mm 

3.00 T 


(a) 744x107 /m? ; (b) 179 T 


P29.50 


P29.52 


P29.54 


P29.56 


P29.58 


P29.60 


P29.62 


P29.64 


P29.66 


P29.68 


P29.70 


P29.72 


(a) 37.7 mT; (b) 4.29 x 10? /m? 
(a) 17.9 ns; (b) 35.1 eV 


39.2 mT 


ys 
(a) B, is indeterminate. B, =0; B, = E 


ev; 


(b) -Ej; (c) -5j 


128 mT north at an angle of 78.7? below 
the horizontal 


3R 


4 


B~10” T; z-10  N-m;I-—LlA: 
A-—10? m?: N —10? 


Agtand 
I 


(a) 0.104 mm; (b) 0.189 mm 
3.82 x10 kg 


(a) see the solution; 
empirically, AV, = (100 4, V/T)B; 
(b) 0.125 mm 

qBh 


(a) v= —; The particle moves in a 
m 


semicircle of radius h and leaves the field 
with velocity -vj ; 
(b) The particle moves in a smaller 
semicircle of radius , attaining final 

q 
velocity -vj ; 
(c) The particle moves in a circular arc of 


radius r = a leaving the field with 
q 


velocity vsin ĝi + vcos@j where 


0- i (*) 
T 
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Q30.1 


Q30.2 


Q30.3 


Sources of the Magnetic Field 


ANSWERS TO QUESTIONS 


It is not. The magnetic field created by a single loop of current 
resembles that of a bar magnet—strongest inside the loop, and 
decreasing in strength as you move away from the loop. 
Neither is it in a uniform direction—the magnetic field lines 
loop though the loop! 


No magnetic field is created by a stationary charge, as the rate 
of flow is zero. A moving charge creates a magnetic field. 


The magnetic field created by wire 1 at the position of wire 2 is 
into the paper. Hence, the magnetic force on wire 2 is in 
direction down x into the paper = to the right, away from wire 
1. Now wire 2 creates a magnetic field into the page at the 
location of wire 1, so wire 1 feels force up xinto the paper - left, 
away from wire 2. 


FIG. Q30.3 
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Q30.4 No total force, but a torque. Let wire one carry current in the y 
direction, toward the top of the page. Let wire two be a millimeter 


above the plane of the paper and carry current to the right, in the x L 

direction. On the left-hand side of wire one, wire one creates magnetic — —— T 

field in the z direction, which exerts force in the i x k = —j direction on NS 2, Right 

wire two. On the right-hand side, wire one produces magnetic field in E; Left n 

the —k direction and makes a i x (-k) = +j force of equal magnitude act 

: Ro | Medi © | G 
on wire two. If wire two is free to move, its center section will twist B 
counterclockwise and then be attracted to wire one. 2 Magnetic 
Field 

FIG. Q30.4 


Q30.5 Ampere's law is valid for all closed paths surrounding a conductor, but not always convenient. 
There are many paths along which the integral is cumbersome to calculate, although not impossible. 
Consider a circular path around but not coaxial with a long, straight current-carrying wire. 


Q30.6 The Biot-Savart law considers the contribution of each element of current in a conductor to 
determine the magnetic field, while for Ampére's law, one need only know the current passing 
through a given surface. Given situations of high degrees of symmetry, Ampére's law is more 
convenient to use, even though both laws are equally valid in all situations. 


Q30.7 If the radius of the toroid is very large compared to its cross-sectional area, then the field is nearly 
uniform. If not, as in many transformers, it is not. 


Q30.8 Both laws use the concept of flux—the "flow" of field lines through a surface to determine the field 
strength. They also both relate the integral of the field over a closed geometrical figure to a 
fundamental constant multiplied by the source of the appropriate field. The geometrical figure is a 
surface for Gauss's law and a line for Ampére's. 


Q30.9 Apply Ampére's law to the circular path labeled 1 in the picture. Since there is no 
current inside this path, the magnetic field inside the tube must be zero. On the 
other hand, the current through path 2 is the current carried by the conductor. 
Therefore the magnetic field outside the tube is nonzero. 


FIG. Q30.9 


NI 
Q30.10 The magnetic field inside a long solenoid is given by B= E 


(a) If thelength / is doubled, the field is cut in half. 
(b) If N is doubled, the magnetic field is doubled. 


Q30.11 The magnetic flux is 6, = BAcos@. Therefore the flux is maximum when B is perpendicular to the 
loop of wire. The flux is zero when there is no component of magnetic field perpendicular to the 
loop—that is, when the plane of the loop contains the x axis. 


Q30.12 


Q30.13 


Q30.14 


Q30.15 


Q30.16 


Q30.17 


Q30.18 


Q30.19 


Q30.20 


Q30.21 


Q30.22 


Q30.23 


Q30.24 
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Maxwell included a term in Ampére’s law to account for the contributions to the magnetic field by 
changing electric fields, by treating those changing electric fields as "displacement currents." 


M measures the intrinsic magnetic field in the nail. Unless the nail was previously magnetized, then 
M starts out from zero. H is due to the current in the coil of wire around the nail. B is related to the 
sum of M and H. If the nail is aluminum or copper, H makes the dominant contribution to B, but M 
can add a little in the same or in the opposite direction. If the nail is iron, as it becomes magnetized 
M can become the dominant contributor to B. 


Magnetic domain alignment creates a stronger external magnetic field. The field of one piece of iron 
in turn can align domains in another iron sample. A nonuniform magnetic field exerts a net force of 
attraction on magnetic dipoles aligned with the field. 


The shock misaligns the domains. Heating will also decrease magnetism. 


Magnetic levitation is illustrated in Figure Q30.31. The Earth's magnetic field is so weak that the 
floor of his tomb should be magnetized as well as his coffin. Alternatively, the floor of his tomb could 
be made of superconducting material, which exerts a force of repulsion on any magnet. 


There is no magnetic material in a vacuum, so M must be zero. Therefore B= 4H in a vacuum. 


Atoms that do not have a permanent magnetic dipole moment have electrons with spin and orbital 
magnetic moments that add to zero as vectors. Atoms with a permanent dipole moment have 
electrons with orbital and spin magnetic moments that show some net alignment. 


The magnetic dipole moment of an atom is the sum of the dipole moments due to the electrons’ 
orbital motions and the dipole moments due to the spin of the electrons. 


M and H are in opposite directions. Section 30.8 argues that all atoms should be thought of as 
weakly diamagnetic due to the effect of an external magnetic field on the motions of atomic 
electrons. Paramagnetic and ferromagnetic effects dominate whenever they exist. 


The effects of diamagnetism are significantly smaller than those of paramagnetism. 


When the substance is above the Curie temperature, random thermal motion of the molecules 
prevents the formation of domains. It cannot be ferromagnetic, but only paramagnetic. 


A ferromagnetic substance is one in which the magnetic moments of the atoms are aligned within 
domains, and can be aligned macroscopically. A paramagnetic substance is one in which the 
magnetic moments are not naturally aligned, but when placed in an external magnetic field, the 
molecules line their magnetic moments up with the external field. A diamagnetic material is one in 
which the magnetic moments are also not naturally aligned, but when placed in an external 
magnetic field, the molecules line up to oppose the external magnetic field. 


(a) B increases slightly 
(b) B decreases slightly 
(c) B increases significantly 


Equations 30.33 and 30.34 indicate that, when each metal is in the solenoid, the total field is 
B= (1+ y)H. Table 30.2 indicates that B is slightly greater than 4H for aluminum and slightly less 


for copper. For iron, the field can be made thousands of times stronger, as seen in Example 30.10. 
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Q30.25 


Q30.26 


Q30.27 


Q30.28 


Q30.29 


Q30.30 


Q30.31 
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A "hard" ferromagnetic material requires much more energy per molecule than a “soft” 
ferromagnetic material to change the orientation of the magnetic dipole moments. This way, a hard 
ferromagnetic material is more likely to retain its magnetization than a soft ferromagnetic material. 


The medium for any magnetic recording should be a hard ferromagnetic substance, so that thermal 
vibrations and stray magnetic fields will not rapidly erase the information. 


If a soft ferromagnetic substance were used, then the magnet would not be "permanent." Any 
significant shock, a heating/cooling cycle, or just rotating the magnet in the Earth's magnetic field 
would decrease the overall magnetization by randomly aligning some of the magnetic dipole 
moments. 


You can expect a magnetic tape to be weakly attracted to a magnet. Before you erase the information 
on the tape, the net magnetization of a macroscopic section of the tape would be nearly zero, as the 
different domains on the tape would have opposite magnetization, and be more or less equal in 
number and size. Once your external magnet aligns the magnetic moments on the tape, there would 
be a weak attraction, but not like that of picking up a paper clip with a magnet. A majority of the 
mass of the tape is non-magnetic, and so the gravitational force acting on the tape will likely be 
larger than the magnetic attraction. 


To magnetize the screwdriver, stroke one pole of the magnet along the blade of the screwdriver 
several or many times. To demagnetize the screwdriver, drop it on a hard surface a few times, or 
heat it to some high temperature. 

The north magnetic pole is near the south geographic pole. Straight up. 


(a) The magnets repel each other with a force equal to the weight of one of them. 


(b) The pencil prevents motion to the side and prevents the magnets from rotating under their 
mutual torques. Its constraint changes unstable equilibrium into stable. 


(c) Most likely, the disks are magnetized perpendicular to their flat faces, making one face a 
north pole and the other a south pole. One disk has its north pole on the top side and the 


other has its north pole on the bottom side. 


(d) Then if either were inverted they would attract each other and stick firmly together. 


SOLUTIONS TO PROBLEMS 


Section 30.1 The Biot-Savart Law 


P30.1 


P30.2 


z Hol _ Hoa(o/2R) _ 
2R 2R 


12.5 T 


-— (47x107 T-ny/AJ(100x10* A) 


= 2.00 x10 T=] 20.0 „T 
2aR 22(100 m) 
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4 
P30.3 (a) B= au! cos — cos 23 where a 2 — 
4ra 4 4 2 


is the distance from any side to the center. 


-6 
B- E (2 i 2) = 24/2 x10? T - [283 iT into the paper 


FIG. P30.3 
(b) For a single circular turn with 4/ 2 Zz R, 
2 -7 
] (42° x10 (10.0) 
B= Hsc AA | ) =| 24.7 4T into the paper 
2R 4t 4(0.400) 
4x x10 7 (1.00 A) 
P30.4 — p= Ho! i | =| 2.00x107 T 
27r 22(1.00 m) 
P30.5 For leg 1, ds x f = 0, so there is no contribution to the field from this OCT P 
segment. For leg 2, the wire is only semi-infinite; thus, a = 
I ee are 
1| “ol Hol ; | 
B= x into the paper |. 
(a Anx re 2g if 
e 
“4 B 
FIG. P30.5 
P30.6 We can think of the total magnetic field as the superposition of the field due to the long straight wire 
I 
(having magnitude e and directed into the page) and the field due to the circular loop (having 
m 
magnitude a and directed into the page). The resultant magnetic field is: 
1) Mol _,. : 
B=| 1+— |—- (directed into the page) |. 
a) 2R 
P30.7 


For the straight sections ds x f 2 0. The quarter circle makes one-fourth the field of a full loop: 


47x107 T-m/A)\(5.00 A) 
p. Hl into the paper gel | = 
42R 8R 


26.2 uT into the paper 
8(0.030 0 m) B ual 
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P30.8 Along the axis of a circular loop of radius R, B Along Axis of Circular Loop 
H oIR? 
Ta, p 
2(x? +R?) 
3/2 
B 1 
or Sse 
Bo m + ; 
where By = ae. 
FIG. P30.8 
x/R B/Bo 
0.00 1.00 
1.00 0.354 
2.00 0.0894 
3.00 0.0316 
4.00 0.0143 
5.00 0.00754 


*P30.9 Wire 1 creates at the origin magnetic field 


ff z 
B, = Hol right hand rule = Holi A = Hol j 
2 27a SN 


mr 27a 
; UNIES 2ugl, 2 Mol, N E Í 
(a) If the total field at the origin is =r j= Sm j+B, then the second wire must create field 
ma ma 


I, 3 I 
according to B, = vus j= er <P). 


Then I, =| 21, out of the paper |= 21k. 


2ugl, (. 4 L3 
(b) The other possibility is B4 + B, = Ho'i ( j = Por j+B,. Then 
27a 2za 


3ugl ( ^, — dol; : k 
B; = = I, =| 61, into the paper |= 6I;|-k 
ee) Qa(2a)’ 4 a ea pap (Ck) 


*P30.10 Every element of current creates magnetic field in the same direction, into the page, at the center of 
the arc. The upper straight portion creates one-half of the field that an infinitely long straight wire 
would create. The curved portion creates one quarter of the field that a circular loop produces at its 


1 pol 
center. The lower straight segment also creates field o 


nr 
The total field is 
I I I 
iine gel) ub tein page = Ai into the plane of the paper 
22zgr 42r 22mr ar \a 4 


0.284 1551 
—o into the page. 
r 


*P30.11 


P30.12 


(a) Above the pair of wires, the field out of the page of the 50 A 
current will be stronger than the (-k) field of the 30 A 
current, so they cannot add to zero. Between the wires, 


both produce fields into the page. They can only add to 
zero below the wires, at coordinate y = -. Here the total 


field is SQA 


Boe Hol Oy? , Hol Zr 
nM — uem 


d 50A ^Y 30Aj7 
aes 3 9-36 


50|y| = 30([y| + 0.28 m) 
50(—y) = 30(0.28 m- y) 
-20y = 30(0.28 m)} at y = 0.420 m 


TT Hol Hol citt 
b At y 2 0.1 m the total field is B= —— +o 
(0) J 2mr d 2071 


B= 


Chapter 30 191 


y 
50A 
» 


Azrx107 T-m/A 50A i) 30 A 
27 (0.28-0.10) m 0.10 m 


The force on the particle is 


F =qvxB=(-2x10% C\(150x10° m/s\(i)x(1.16x10* N-s/C-m\ 


(c) We require F, =3.47x107 N(+5) =qE= (-2 x10% C)E : 


So E-| -173x10*j N/C |. 


gg- Hol [dex 
Am r? 


man l2za l2mzb 
An | a? p? 


I 
p- A^ m 2) directed out of the paper 
12 a b 


FIG. P30.11 


( i) -146x10 * T(-k). 


ke) =| 34710? N(- j| 
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*P30.13 (a) We use equation 30.4. For the distance a from the wire to 


the field point we have tan30°= Js a= 0.288 7L. One 


wire contributes to the field at P 


B= Hol (egg 0, -cos05)- Hol (cos 30% cos 150°) 
"m Ax(0.288 7L) 


wo l(1.732) — 1.5091 
4n(0.2887L) zL 


Each side contributes the same amount of field in the same FIG. P30.13(a) 
direction, which is perpendicularly into the paper in the 


1.5041 | | 450ugI 
T mL i 


picture. So the total field is Y 


(b) As we showed in part (a), one whole side of the triangle 
MoI(1.732) 
TA 


creates field at the center . Now one-half of one 


nearby side of the triangle will be half as far away from 
point P, and have a geometrically similar situation. Then it 
(1.732)  2ugl(1.732 
creates at P, field Holl ) eal ( ) . The two half- 
Az (a/2) 4ra 

sides shown crosshatched in the picture create at P, field 

2 2u91(1.732) | 4u91(L732) _ 6uoI 
4ra 4z(0.2887L) aL 

triangle will contribute somewhat more field in the same 

direction, so we already have a proof that the field at P, is 


FIG. P30.13(b) 


. The rest of the 


stronger |. 


P30.14 Apply Equation 30.4 three times: 


I 
B- ol cos0 2 toward you + E EET EE away from you 
4ra d? +a’ Ard Jd? +a? Vd? +02 


N Hol 


-d 
i. £a 
ue? +d? -dva "3 


2zadqa? +d? 


cos so toward you 


away from you 
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P30.15 Take the x-direction to the right and the y-direction up in the plane of the 1,8 ~ 500cm 
paper. Current 1 creates at P a field P 
B 
uI (200x107 T-m)(3.00 A) B 
B, == = 13.0 cm 
27a A(0.050 0 m) h 
l / 12.0 cm 
B, =12.0 wT downward and leftward, at angle 67.4? below the —x axis. I Pi 
: E 
Current 2 contributes L! 
(2.00 «107 T-m)(3.00 A) 8 
2= clockwise perpendicular to 12.0 cm 
A(0.120 m) FIG. P30.15 
B; =5.00 wT to the right and down, at angle —22.6° 
Then, B=B, +B, =(12.0 ,i)(—icos67.4°-j sin 67.4°) + (5.00 uT)(icos 22.6*-jsin 22.6°) 
B - (-111 4T)j- (1.92 4T)j =| (-13.0 uT)j 
Section 30.2 The Magnetic Force Between Two Parallel Conductors 
P30.16 Let both wires carry current in the x direction, the first at y -0 and the y 


second at y = 10.0 cm. 


27. : 
(47x 10 T m/A)(5.00 A) 


@ B-k- 
22(0.100 m) 


2mr 


B=| 1.00 x107% T out of the page 


(D . F&-L/xB-(800 A)|(1.00 m)i x (1.00 x 10? T)k| = (800 x10? N(-) 


F; - 8.00 x 10? N toward the first wire 


(47x107 T-m/A)(8.00 A) 
27(0.100 m) 


(Q B= 4 (-k)- 


E (-k)- (16010? T)(-k) 


B=| 160x10~ T into the page 


(d ^ Fy=1,£x B=(5.00 ajoo m)i x (1.60 10? S) = (8.00 x10? N)(+j) 


8.00 x 10? N towards the second wire 


Il 


F; 


FIG. P30.16(a) 
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P30.17 


*P30.18 


*P30.19 


By symmetry, we note that the magnetic forces on the top and bottom 
segments of the rectangle cancel. The net force on the vertical segments of 
the rectangle is (using Equation 30.11) 


BaF, +F, = Hut 1 Pj= ort aa 
2m \c+a c 2m \c(c+a) 


(47x107 N/A?)(5.00 A)(10.0 A)(0.450 m) 0.150 m . 
ES 27 xcu m)(0.250 aj 


F- (-270 x10 i) N 


or F=| 2.70x10~ N toward the left |. 


To attract, both currents must be to the right. The attraction is described by —— 20 Ay 
I 
F=1,¢Bsin90°= [, 0 #2% I 
2mr — 2? 
2 2z(0.5 
So L -£ T =(320x10-° N/m) zs = 40.0 A FIG. P30.18 
H9 


(42 x107 N-s/C-m)(20 A) 


Let y represent the distance of the zero-field point below the upper wire. 


Then B- i u^ re 04 0-2 el TA (away) + gea 


mY amr 27 (0.5 m-y) 
20(0.5 m- y) = 40y 20(0.5 m) = 60y 
y =| 0.167 m below the upper wire 


Carrying oppositely directed currents, wires 1 and 2 repel Wire3 Wire 1 Wire 2 
each other. If wire 3 were between them, it would have to 
repel either 1 or 2, so the force on that wire could not be 
zero. If wire 3 were to the right of wire 2, it would feel a 150A 
larger force exerted by 2 than that exerted by 1, so the total I; 4.00 A 
force on 3 could not be zero. Therefore wire 3 must be to d 20 cm 
the left of both other wires as shown. It must carry 
downward current so that it can attract wire 2. 
FIG. P30.19 
(a) For the equilibrium of wire 3 we have 
Ho(1.50 AJI; Ho(4 A)I; 


Fi on3 = Fy on3 


2nd  2z(20cm+d) 
30 cm : 
1.5(20 cm d) = 4d d- "NS 12.0 cm to the left of wire 1 
(b) For the equilibrium of wire 1, 
I4(15 A 4 A(L5 A 
Hos UO). up Eb A) 1, - Z4 A-[240 A down 
22(12 cm) 2z(20 cm) 20 


We know that wire 2 must be in equilibrium because the forces on it are equal in magnitude 
to the forces that it exerts on wires 1 and 3, which are equal because they both balance the 
equal-magnitude forces that 1 exerts on 3 and that 3 exerts on 1. 


P30.20 
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The separation between the wires is y 
a = 2(6.00 cm)sin 8.00? — 1.67 cm. 


(a) Because the wires repel, the currents are in 


opposite directions |. 


(b) Because the magnetic force acts horizontally, x 
2 
fs Holt _ tang.o0° FIG. P30.20 
F, 22am 
2 
I? = 7877" tan8.00° so 1 =| 678 A]. 


“Ho 


Section 30.3 Ampére’s Law 


P30.21 


P30.22 


Each wire is distant from P by 
(0.200 m) cos 45.0? = 0.141 m. 
Each wire produces a field at P of equal magnitude: 


p, d p (200x107 T-m/A)(5.00 A) 


=7.07 JT. 
2ra (0.141 m) B 


Carrying currents into the page, A produces at P a field of 
7.07 uT to the left and down at -135^, while B creates a field 
to the right and down at - 45*. Carrying currents toward 
you, C produces a field downward and to the right at — 45°, 
while D's contribution is downward and to the left. The FIG. P30.21 
total field is then 


4(7.07 iT) sin 45.0°=| 20.0 JT | toward the bottom of the page 


T 
Let the current I be to the right. It creates a field B = x at the proton's location. And we have a 
1 


balance between the weight of the proton and the magnetic force 


mg( i) + qu i) x - (k) =0 at a distance d from the wire 


q Phol (160x107? C)(2.30x10* m/s)\(4rx107 T-m/A)(1.20x 10° A) 


2zmg | 2 (167 x10 kg)(9.80 m/s?) goals 


196 Sources of the Magnetic Field 


P30.23 


P30.24 


P30.25 


I 
From Ampere's law, the magnetic field at point a is given by B, = - 2 
T, 


through the area of the circle of radius r, . In this case, I, 21.00 A out of the page (the current in the 
inner conductor), so 


, Where I, is the net current 


(47x107 T-m/A)(1.00 A) 
2 (10010? m) 


I 
Similarly at point b: B, = 4 orb 
a 


=| 200 wT toward top of page |. 


d 


, Where I, is the net current through the area of the circle having 
Tp 

radius r,. 

Taking out of the page as positive, I, =1.00 A -3.00 A = -2.00 A, or I, = 2.00 A into the page. 
Therefore, 


: (47107 T-m/A)(2.00 A) i 


B 133 uT toward bottom of page |. 
í 22(3.00 10 m) 
(a) In B- iL the field will be one-tenth as large at a ten-times larger distance: | 400 cm 
mr 


^ ^ 47r x107” T-m(2.00A 
E Ho au k) so B=—— aie S ca 1  |.[z50nT 
27r 2M Ty 27 A 0.3985m 0.4015 m 
(c) Call r the distance from cord center to field point and 2d = 3.00 mm the distance between 
conductors. 
patel 1 d s 2d 
2m Ar-d r+d) 2r r?-d? 
" ; (3.00 x10° m) 
7.50x10™ T-(200x107 T-m/A)(2.00 A); —— sor-[126m 
rT^—2.2b5x10^ m 


The field of the two-conductor cord is weak to start with and falls off rapidly with distance. 


(d) The cable creates | zero | field at exterior points, since a loop in Ampére's law encloses zero 


total current. Shall we sell coaxial-cable power cords to people who worry about biological 
damage from weak magnetic fields? 


(a) One wire feels force due to the field of the other ninety-nine. 
4z x10 7 T-m/A)(99)(2.00 A)(0.200 x 10 ? m 
pa lur. f /Ajesyao ^y ; Loops 
2g R 25 (0.500 x107? m) 


This field points tangent to a circle of radius 0.200 cm and exerts force 
F = I(x B toward the center of the bundle, on the single hundredth wire: p 


F . Bsino=(2.00 A)(3.17 x10? T)sin90°= 6.34 mN/m 


: 
is. 6.34x10? N/m inward | 
t R 
(b) B œr , so Bis greatest at the outside of the bundle. Since each wire FIG. P30.25 


carries the same current, F is | greatest at the outer surface |. 


P30.26 


*P30.27 


P30.28 


P30.29 
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O MNI (47x10 T-m/A)(900)(14.0 x 10° A) 


a i =| 3.60 T 
(a) meee Dee 2z(0.700 m) 
: NI (2x107 T-m/AJ(900(140x10? A) 
B = = =| 1.94 T 
m ud Der 1.30 m 
We assume the current is vertically upward. 
(a) Consider a circle of radius r slightly less than R. It encloses no current so from 
$B-ds- jol inside B(2zr)-0 
we conclude that the magnetic field is | zero |. 
(b) Now let the r be barely larger than R. Ampere's law becomes B(2z R) = “ol, 
Hol 
so B= : . P30. 
oie FIG. P30.27(a) 
The field’s direction is m tangent to the wall of the cylinder in a counterclockwise sense |. 
(c) Consider a strip of the wall of width dx and length ¢ . Its width is so small Is 
compared to 27K that the field at its location would be essentially B 
unchanged if the current in the strip were turned off. 
: e dx 
The current it carries is 1, = —— up. 
27K 
The force on it is 
2 
F=1,0xB= L C Hol | up x into page = Hol (ax vadially inward . 
Ag RA 2æR Ar R FIG. P30.27(c) 
The pressure on the strip and everywhere on the cylinder is 
2 2 
PME Hor UE | seal z inward |. 
A  Azx^R^fdx (2z R) 
The pinch effect makes an effective demonstration when an aluminum can crushes itself as 
it carries a large current along its length. 
2.2(1.00 x 10? (0.100) 
From $B-d/ = pol, (oes | -[500 A ]. 
Ho 4z x10 
Use Ampére's law, $B -ds = ugl. For current density J, this becomes n I 


(a) 


(b) 


n 
For r < R, this gives B27r = uo | (br (2 rdr) and 
FIG. P30.29 


ugbrg — , 
B- A (for r, « R or inside the cylinder) |. 


R 3 
When r, > R, Ampére’s law yields — (2zr;)B- Ho | (br)(2x rdr) = DM 
0 


HobR? 


(for r > R or outside the cylinder) |. 
72 


or B- 
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P30.30 


Sources of the Magnetic Field 


(a) See Figure (a) to the right. 


(b) At a point on the z axis, the contribution from each wire has 
Hol 
2zNa? +z’ 
from this point to the wire as shown in Figure (b). Combining (Current ce o the paper) 
fields, the vertical components cancel while the horizontal Figure (a) 

components add, yielding 


Lol ; Lol z Lolz 
B,=2 sin |= = 
: oe | aya? +z? i z(a? +z?) 


The condition for a maximum is: 


magnitude B= and is perpendicular to the line 


2 2 At a distance z 
dB, d -uglz(2z) " Hol —— 0 Hol (a -— ) -0 above the plane of 
dz z(a? i zy z(a? +2") Rm (a? + 2°) the conductors 

Figure (b) 
Thus, along the z axis, the field is a maximum at | d =a |. 
FIG. P30.30 


Section 30.4 The Magnetic Field of a Solenoid 


P30.31 


*P30.32 


1.00 x 10^ TJO.400 m 
Beh oie LM | =| 31.8 mA 
t ugn (4x10 T-m/A)1 000 


Let the axis of the solenoid lie along the y-axis from y =0 to y= £. We will determine the field at 
y =a. This point will be inside the solenoid if 0 « a< £ and outside if a « 0 or a> £. We think of 
solenoid as formed of rings, each of thickness dy. Now I is the symbol for the current in each turn of 


wire and the number of turns per length is (3. So the number of turns in the ring is (n and 


the current in the ring is Ling = (E jo. Now we use the result of Example 30.3 for the field created 
by one ring: 


B 


ring = “Pag ao. 

2(x? + R?) j 

where x is the name of the distance from the center of the ring, at location y, to the field point 
x=a4a-y. Each ring creates field in the same direction, along our y-axis, so the whole field of the 
solenoid is 


B- È Bang = 2 


all rings 2(x? + R? 


Holing R? © Mol N/OdyR? ry INR? f dy 
y2 T 32 T 
) 0 2((a-y) +R?) 2: 0 2((a-y) +R?) 
To perform the integral we change variables to u=a-y. 
HyINR?*! -du 
oi 28 NETTE 
É a (u +R ) 


and then use the table of integrals in the appendix: 


3/2 


continued on next page 


P30.33 


Chapter 30 199 


a-t 


p HolNR® -u 
267 Ryu? +R? 


SuN] a a-t 


(a) 
; 20 | Ja? eR? (a- t +R? 


(b) If / is much larger than R and a - 0, 


—f 
wenave pat - | Ho. 


Yel 2 


This is just half the magnitude of the field deep within the solenoid. We would get the same 
result by substituting a = to describe the other end. 


The field produced by the solenoid in its interior is given by 


30.0 A 
Tm — Juso A)(-i) 


B= uil(-i) - (4107 T- m/l 


B= -(5.65 x10? TJi A 


The force exerted on side AB of the square current loop is 


(Fz) 4» = TL x B = (0.200 A)|(2.00 x10? m)j x (5.65 x 107 T 


(Fs) 4p = (2:26x107* N)É B» 


Similarly, each side of the square loop experiences a force, lying 
in the plane of the loop, of 


226 uN directed away from the center |. From the above 


result, it is seen that the net torque exerted on the square loop 
by the field of the solenoid should be zero. More formally, the 
magnetic dipole moment of the square loop is given by FIG. P30.33 


p= IA = (0.200 A)(2.00 10? m) (-i) = -80.0 wA-m?i YW 


The torque exerted on the loop is then r= ux B= (-80.0 LA: mi) x (-5.65 x10? Ti) =|0 


Section 30.5 Magnetic Flux 


P30.34 


P30.35 


(à (r)a = B-A = Bz R? cos(180 - 6) =| -Bz R? cos 


(b) The net flux out of the closed surface is zero: (P5), | + (P5)... , = 0. 


($5). a =| BZR? cos 


(à) Q5 =f B-dA=B-A=(5i+4j+3k) T-(2.50x107 m) i 


0, -312x10? T. m? -312x10? Wb- | 3.12 mWb 


(b) (05) total = $B "dA = g for any closed surface (Gauss’s law for magnetism) 


200 Sources of the Magnetic Field 
P30.36 (a) OD, -B.A- BA where A is the cross-sectional area of the solenoid. 


Dz (E Jea- 7.40 uWb 


(b) Os - B-A- BA - (A ee n) 


(4x x107 T-m/A)(300)(12.0 A) 


y 
(0.300 m) 


z|(8.00)" - (4.00)? 10? mJ -[227 Wb 


Section 30.6 — Gauss's Law in Magnetism 


No problems in this section 


Section 30.7 Displacement Current and the General Form of Ampére's Law 


dQ/dt 100 A 
Pier Gy (eae 2. Md 2 » z-|113x10? V-m/s | 
dt € € 885x107 C?/N.m 
(b) Ij 6, dPr 1. [0100A 
dt 
dQ/dt 
P30.38 c NE (EA) Q/ J 
dt Eq Eq 
Guo HER =|7.19x10" V/m-s 
dt G&A 


(b) pB-ds =€) Ho ini: so Z2z B =e Ho 4 9 arr? 


dt dt| ey A 
0.200)(5.00 x 10 ? 
p= oir An (2000 ; Je 200x107 T 
2A 27(0.100) 


Section 30.8 Magnetism in Matter 


P3039 (à) | I-—— u=IA =| Z— nr? =| 927x107 A. m? 
Azxr Azxr 


The Bohr model predicts the correct magnetic moment. However, the 
"planetary model" is seriously deficient in other regards. 


(b) Because the electron is (—), its [conventional] current is clockwise, as seen 
from above, and u points | downward |. 


FIG. P30.39 


2zr)B 


2n(0.100 m)(1.30 T) 


N 
B= smt=5| so r=! 


(630)(3.00) 


T 


0 7 0 5 (0.200) 


With the steel, B =x „Bo = (1+ 7)By =(101)(0.001 89 T) 


— 0.00189 T 


uN — 5000(4z 107 Wb/A-mj470) - 


Assuming a uniform B inside the toroid is equivalent to assuming 


r «« R; then By & Ho I as for a tightly wound solenoid. 


277 mA 


B=0.191 T 


TM (400 K)(10.0%)(8.00 x 107. atoms/m? (5.00927 x10 J/T?) 
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FIG. P30.41 


B 


5.00 T 


B= ug(H +M) so Hz P. Mel 2.62x10* A/m 


Ho 


2.97 x 104 


K-J 
T2-m? 


In B= u4(H + M) we have 2.00 T= w)M. But also M = xnug. Then B= ugugxn where n is the 


number of atoms per volume and x is the number of electrons per atom contributing. 


Then 


P30.40 
P30.41 
P30.42 
P30.43 
P30.44 
P30.45 (a) 
(b) 
Section 30.9 
P30.46 (a) 
(b) 
P30.47 (a) 
(b) 


x 


B 


2.00 T 


=| 2.02 |. 


ETE (8.50 10% m? (927x107 N-m/T(4zx107 T-m/A) 


Comparing Equations 30.29 and 30.30, we see that the applied field is described by 


B, = MoH. Then Eq. 30.35 becomes M = cË = 


(Eq. 30.32) is 


2.70 x 10^ (300 K) 
RN -] seas sige eee 
Lo 47x10” T-m/A T-m 
The Magnetic Field of the Earth 
4z x 10 7 (5.00)(0.600) 
B, m Boi zl HON = | =| 12.6 4T 
2R 0.300 
Benge E T 
sing  sin13.0? 


Number of unpaired electrons = 


8.00 x10? A -m? 


9.27 x10 A-m? 


=| 8.63x10* |. 


By, 


201 


E MoH, and the definition of susceptibility 


FIG. P30.46 


Each iron atom has two unpaired electrons, so the number of iron atoms required is 


T 
2 


Mass = 


(8.63 x 105). 


(4.31 x10* atomsJ(7 900 kg/m?) 


(8.50 10 atoms/m?) 


4.01 x10? kg 
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Additional Problems 


P30.48 


P30.49 


P30.50 


P30.51 


po MoR? _ aol 25? BR _ 2°(7.00 x10? TJ(6.37 x 10° m) 


XR? eR?) 252R Ho (4r x107 T-m/A) 


so I=2.01x10° A | toward the west 


Consider a longitudinal filament of the strip of width dr as 
shown in the sketch. The contribution to the field at point P 
due to the current dI in the element dr is 


_ Mol 
207 
where dl = us 
w 
" - FIG. P30.49 
B= [dB = | mare Lug inf 1+ 2} 
re Aw b 


200W 


Suppose you have two 100-W headlights running from a 12-V battery, with the whole DER 17 A 


current going through the switch 60 cm from the compass. Suppose the dashboard contains little 
iron, so 4 & uo. Model the current as straight. Then, 


asia (47x 107 i7 


= 10° Til, 
2zr 27(0.6) 


If the local geomagnetic field is 5 x 10? T, this is | —10 ! times as large, | enough to affect the 


compass noticeably. 


We find the total number of turns: B= BG 
l 0.030 0 T)(0.100 m) A 
_ Be _ X ) = 2.39 x 10? 


Mol (47x107 T-m)(1.00 A) 


Each layer contains EE 200 closely wound turns 
0.050 0 cm 
3 
so she needs ue 12 layers |. 
200 


The inner diameter of the innermost layer is 10.0 mm. The outer diameter of the outermost layer is 
10.0 mm + 2 x 12 x 0.500 mm = 22.0 mm. The average diameter is 16.0 mm, so the total length of 
wire is 


(2.39 x 10°) (16.0 x10? m) = 120 m |. 
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*P30.52 Ata point at distance x from the left end of the bar, current 
Hols 
2zNh? +x? 


I, creates magnetic field B= to the left and 


above the horizontal at angle 0 where tan@= = This field 


exerts force on an element of the rod of length dx 


Mol adx : 
dF =1,/xB=I 0 ‘ : 
pes : 27 Ih? Lx? VER waded FIGCOESUS 
^ 
Holl oie 2 into the page 
2a hi? x^ 4n? is 
nh? +x?) 


The whole force is the sum of the forces on all of the elements of the bar: 


l 


F= 


at k) ull (-k) 2xdx — nol lo (-k) In(h? +x?) 


io 2a(h? +x? 4r Vix 4r 
0 


nh Aes) 


107 N(100 AY200 A)(—k 
[n(n +0") )-Int? |= l X X K) [een 2m 


A? (0.5 cm)? 


22310? N(-k)In 401 =| 1.20 x10? N(-k) 


2 
P30.53 On the axis of a current loop, the magnetic field is given by B= =n 
2(x? +R?) 
where in this case I = 2 ; . The magnetic field is directed away from the center, with a magnitude 
c/o 
of 
2 20.0)(0.100)^ (10.0 x 107 
js. M i Ut 143x107? T |. 


32 T 
4a(x?+R*)"” 4a|(0.050 0)? « (0:100) 2 


2 
P30.54 On the axis of a current loop, the magnetic field is given by pa iik 3i 
2(x? +R?) 
2 
where in this case [= —! —. Therefore, B= EE y 
a?) 4n(x? +R?) 
2 
whois. then B- Ho@R us EL AMA 
2 Az($ R?) / 2.54 5aR 
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P30.55 


P30.56 


* P30.57 


IR? 
(a) Use equation 30.7 twice: B,- cA AT 
2(x? +R?) 
If each coil has N turns, the field is just N times larger. VJ = 


7 — NuR? 1 1 
E 2 (ze R2)" dee] 


|<—pr—| 


3/2 


FIG. P30.55 


NugIR? 1 " 1 
2 |(x2+R?)"" (2k? +x?-2xR) 


3/2 


2 E i 
py. “enn | 2 (2 « n?) ^ xS (oR? ex! -2xRJ x - 23] 
dx p 2 2 
Substituting x = i and canceling terms, z =0 
x 


d?B  -3Nyu,IR? 
dx? 2 

-7/2 

-5(x - R (2R? «x? - 2xR) : | 


I ToK -5x?(x? +R?) «QR +x? - 2xR) 


ete R d?B 
Again substituting x — 7 and canceling terms, xum 0 
x 

“Helmholtz pair” — separation distance = radius 

2u,IR? IR? I 

= A 327 £n 32-:7 ar for 1 turn. 
jAmz'«ep Bupse t 
4z x10 7 J100(10.0) 
For N turns in each coil, B= Hon = l ) -21180x10^? T |. 
1.40R 1.40(0.500) 


Consider first a solid cylindrical rod of radius R carrying 
current toward you, uniformly distributed over its cross- 
sectional area. To find the field at distance r from its center we 
consider a circular loop of radius r: 


fB ‘ds = Holinside 

B2zr = uyzr?] pa Hot Ba A kxr 

Now the total field at P inside the saddle coils is the field due to 
a solid rod carrying current toward you, centered at the head of 


vector a, plus the field of a solid rod centered at the tail of 
vector a carrying current away from you. 


B; +B, = Hol xf e Ci) xf; FIG. P30.57 


Now note a+ =r, 


B, +B, - A2 kxr, Hol f (an) - P axk= Hola down in the diagram |. 
2 2 Ur 2 B 


„P30.58 
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s CADET 30.6, the p nest creates field y - i 
B= ak above it and (Ck) below it. Consider a e 
patch of the sheet of width w parallel to the z axis and % 


length d parallel to the x axis. The charge on it owd passes ^ 


"OW . ; .q owdv 
a point in time —, so the current it constitutes is T. 
v 


owv 
and the linear current density is J, = —— = ov. Then the 
w 


FIG. P30.58 


magnitude of the magnetic field created by the upper sheet 
| a ER : 

is 5 Myo v. Similarly, the lower sheet in its motion toward 
the right constitutes current toward the left. It creates 


magnetic field Z Loo v(-k) above it and L Ugo vk below it. 


(b) Above both sheets and below both, their equal-magnitude fields add to | zero |. 


(a) Between the plates, their fields add to uoo v(-k) =| Hoov away from you horizontally. 


(c) The upper plate exerts no force on itself. The field of the lower plate, i Uoo v(-k) will exert 


a force on the current in the w- by d-section, given by 


" ^1 ^ 
U x B= o wodi x m v(-k) = 5 Horo wdj. 


1 2,2 d^ 
The force per area is 7 Hor twe; 


1 2.2 
i ov’ up |. 
3 Ho P 


wd 
: a (wo? ( 5 
(d) The electrical force on our section of the upper plate is qEj,,,, =o lW a ( i) >. ( j). 

€o €o 

; . lwo o? 1 2.2 o? 
The electrical force per area is down- down. To have —4950^v^ = we 

2 e lw €p 2 2 € 

require 
1 1 


=| 3.00 x108 m/s |. 


err m x 107 (Tm/A)(N/TAm)8.85 x 107? (C? /Nm? (As/C)* 


This is the speed of light, not a possible speed for a metal plate. 
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P30.59 


(a) 


(b) 


P30.60 (a) 


(b) 


(d) 


Model the two wires as straight parallel wires (!) 


P? 
P= a (Equation 30.12) 


ma B© ^ 
(47 x 107 140)" (27)(0.100) im oe 


i 2(1.00 107) 
=| 2.46 N | upward pee SORS 
2.46 N = mioo 
Boop = loop _ 1707 m/s? | upward p d 
Mioop —- 
140A 
FIG. P30.59 


In dB- "s 2 z lds x f, the moving charge constitutes a bit of current as in I=nqvA. Fora 
ar 


positive charge the direction of ds is the direction of v, so dB= z o 5 nqA(ds)v xr. Next, 
nr 


A(ds) is the volume occupied by the moving charge, and nA(ds)=1 for just one charge. 
Then, 


p-—“0 
4zr 


;qv xf. 


B= (47x107 T-m/AJ(L60x10 ^ C)(2.00x107 m/s) sin90.0°=|3.20x10 ® T 


4z{1.00x10°) 


Fp - qvx B|= (16010? C\(2.00x107 m/s)(3.20 x107? T)sin90.0° 


F; =| 1.02 x10 N directed away from the first proton 


F,=qE= kao _ (8.99 x 10° N-m?/C? (1.60 107? c) 
€ z2 


(100x10) 


F, =| 2.30 x10” N directed away from the first proton 


Both forces act together. The electrical force is stronger by two orders of magnitude. It is 
productive to think about how it would look to an observer in a reference frame moving 
along with one proton or the other. 
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4rx107 T-m/AJ(240 A) 
P3061 (a)  B-4 x A) = 


274x10^* T 
azr 22(0.017 5 m) 


(b) At point C, conductor AB produces a field B x10 ^ T\(-j), oz conductor DE 


produces a field of =(274 x10% T(-j), YA BD produces no field, and AE produces 


negligible field. The total field at C is | 2.74x10~ T(-j) : 


() Fp = Ilx B= (240 A)(0.035 0 mk) x [5(2.74 x10% 1\(-3)| =| (115 x10 N)i Ta 


p (115x10? N)i ; 
(d) az ME > =| (0.384 m/s? Ji 


(e) The bar is already so far from AE that it moves through nearly constant magnetic field. The 
force acting on the bar is constant, and therefore the bar’s | acceleration is constant |. 


(f) v? = vj *2ax =0+2(0.384 m/s? (130 m), so v, =| (0.999 m/s)i 


I 
*P30.62 Each turn creates field at the center oe Together they create field E» I 
Holl 1 1 1 4z x10 Ed 1 1 1 1 
LG - + Tod 
2\R, R Rao 2A 5.05 5.15 9.95 10? m FIG. P30.62 


= ug (50/m)6.93 =| 347 ug1/m 


2n a(mjt 
P30.63 At equilibrium, Ey Kolala? WE or I5 = (m/)s 
L 2ra £ Mola 


| 2n(0.025 0 m)(0.0100 kg/m)(9.80 m/s?) - 
(47x107 T-m/A)(150 A) 


P30.64 (a) The magnetic field due to an infinite sheet of current (or the 
magnetic field at points near a large sheet of current) is given by Lap. 
patos l GQ 9 
2 


. The current density J, = i and in this case the 


81.7 A 


B 


equivalent current of the moving charged belt is c -—*] 
dq d dx BY M 
I- m^ qe =o: t 
FIG. P30.64 
Therefore, J, 2 ov and | B= 2 ‘ 
(b) If the sheet is positively charged and moving in the direction shown, the magnetic field is 


out of the page, parallel to the roller axes |. 
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P30.65 


P30.66 


P30.67 


P30.68 


Sources of the Magnetic Field 


I 
al A counterclockwise. The curved portions of the loop feels no 


The central wire creates field B = : 
m 
force since / x B=0 there. The straight portions both feel I¢ x B forces to the right, amounting to 


F; = I, 2L Holy _| #olilL 
27K aR 


to the right |. 


2nrB 2n(9.00 10? (1.501073) 


Ho 4z x10 7 
Flow of | positive current is downward or negative charge flows upward |. 


I =|675A 


By symmetry of the arrangement, the magnitude of the net magnetic field 
at point P is B=8By, where Bj is the contribution to the field due to 


: L 
current in an edge length equal to z In order to calculate By, we use the 


Biot-Savart law and consider the plane of the square to be the yz-plane with 
point P on the x-axis. The contribution to the magnetic field at point P due 
to a current element of length dz and located a distance z along the axis is 


given by sri FIG. P30.67 
Ho reser 
Bs ; 
07 4m J di 


From the figure we see that 


r= Jx? +(L?/4)+2° and ld! x 1| =dzsin6 = dz 


By symmetry all components of the field B at P cancel except the components along x 
(perpendicular to the plane of the square); and 
L/2 


(L?/4) +2? ) 


— Hol j sin cos gdz 
Am $ r? 


Using the expressions given above for sin 0 cos ó, and r, we find 


Box = By cos ó where cos ¢ = 


Therefore, Bo, and B -8B,,. 


_ Mo IL* 
2z(x? + (1/4) x? « (12/2) 
(a) From Equation 30.9, the magnetic field produced by one loop at the center of the second 
2 uol mR? 
loop is given by B - an 23 | 3 ) BUE z where the magnetic moment of either loop 
2x 27 x 27 x 


is u= I(x R? ). Therefore, 


2 
i ey : )- SEGUE 


F — 
FI "mm 2z Ax* Qn xt 2. xf 


O 37 m I?Rt _ 3x (47x107 T-m/A)(100 A) (5.0010? mJ' 


) JE =| 5.92 x10” N 


Hp gD (50010? mJ' 


Chapter 30 209 


P30.69 There is no contribution from the straight portion of the 
wire since ds x r=0. For the field of the spiral, 


dsx? 
dB= Mol ( ) 
M T 
pal f dssing _ pal (2r z) 1 
B= V2 dr || sin — 
ET r’ ET (2 4 Jtr? 
I I 20 
B= Hol {rar = -Eo (y+) 
An n 4r 0-0 
FIG. P30.69 
I 2x I I 
Substitute r - e^: B= - P [e^] cm [E^ e =| 20 (1 eof) out of the page. 
4r 0 4r 4r 
P30.70 (a) B = Bo + uM Magnetization Curve 
B-B 
M= pbi and M= B-Bo| ol 
Ho Ho 
Assuming that B and B, are parallel, this 
B-B 
becomes M = o 
Ho 
The magnetization curve gives a plot of M 
versus By. 
Relative Permeability 
(b) The second graph is a plot of the relative 8000 
2: B . : 
permeability (2 as a function of the applied B/B 4000 
field By. 


FIG. P30.70 
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P30.71 | Consider the sphere as being built up of little rings of radius r, 
centered on the rotation axis. The contribution to the field from 
each ring is 


2 
Bee. where gr- fQ -Q 
2(x? +1?) t Ax 
dQ = pdV = p(2z rdr (dx) 
3 
drd 
ap = EPT EE where put cR Le 
x? +r?) (4/3)z R 
R 4R?-x? 3 
Er " Upo r sili : FIG. P30.71 
x--R r=0 2 (x? +r?) / 


Let v=r? +x?, do 2 2rdr , and r? =v- x? 


+R R? v— x? do R | R R? 
B= J J mpo | ) dic HORO J f 9718 35:2 [odo dv 
oR yar 2 2,9? 4 =-R| p=x2 MS 
= v=x x= vV=X v=x 
R 2 2 R 
pafor’ f E + (2x2 ja re f [2(R- d) 2x2] LL [uas 
4 x--R x ? 4 x--R R |x| 
Hypo RJ x? 2u po? x? 
B= [2— - 4px] «2R dx = f| 2— - 4x +. 2R dx 
4 sp R 4 v KR 


3 2 2 
B- 2ugpo| 2R? 4R +2R?2 |= Hypak 
4 3R 2 3 


P30.72 Consider the sphere as being built up of little rings of radius r, 
centered on the rotation axis. The current associated with each 
rotating ring of charge is 

d 
dl = Q 


ES on rdr)(dx)| 


The magnetic moment contributed by this ring is 


du = A(dl)= zr? > [o(27rdr)(dx)] = zopr?^drdx 
c 


FIG. P30.72 
4 
+R | VR?-x? +R ( [2023 +R EH 
U= TOP f Jredr dx = zap J dx = zap J + dx 
x--R r=0 x--R x--R 4 
5 

=P f(r ar x'a PP tm ar27) x 

x--R 
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P30.73 Note that the current I exists in the conductor with a 


I 
current density J = Pa where 


Therefore, J = zA 
ma 

To find the field at either point P, or P,, find B, which 

would exist if the conductor were solid, using Ampére’s 

law. Next, find B, and B, that would be due to the 


conductors of radius D that could occupy the void where 


the holes exist. Then use the superposition principle and 

subtract the field that would be due to the part of the FIG. P30.73 
conductor where the holes exist from the field of the 

solid conductor. 


2 2 2 
(a) Atpoint P, B NL g Lord? ng p, = CC 
VOS er 5 5 2alr—(a/2))’ ? 2ar + (a/2)) 
B-B -B -B | ulna? 1 1 1 
s 1 2 MA. |r 4(r —(a/2)) A(r + (a/2)) 
2I 2 2. 2 2 42 
_ Hol se fnt = tal 5 dece to the left 
27 Ar(r? -(a?/4)) my |A4r^-a 
uoJ(za?) uoJ z(a/2) 
(b) At point P,, B, =——~——— and Bj =B; = 


anf 2r" +(a/2) . 


The horizontal components of Bj and B, cancel while their vertical components add. 


J(za? 2 
B - B, - Bj cos B; cos = — = ) j| uo] za /A r 
par (epe n) n n 
MEDIE f "m — uo (21) : jp 
201 z(r? +(a?/4)) Qnr Ae ae 
ust OF eae: 
= z z | directed toward the top of the page 
zr Ar^cü 


ANSWERS TO EVEN PROBLEMS 


P30.2 20.0 wT P30.8 see the solution 


P30.4 200 nT 
á P30.10 E + Je into the page 
1 I a 4) 2r 
P30.6 f * *) Zo. into the page 
a) 2R 
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P30.12 all 5) out of the page 
a 
ua? +d? adi? «d? 
P30.14 into the page 


2z add a? +d? 


P30.16 (a) 10.0 wT; (b) 80.0 uN toward wire 1; 
(c) 16.0 JT; (d) 80.0 4N toward wire 2 


P30.18 Parallel to the wires and 
0.167 m below the upper wire 


P30.20 (a) opposite; (b) 67.8 A 

P30.22 5.40 cm 

P30.24 (a) 400 cm; (b) 7.50 nT; (c) 1.26 m; (d) zero 
P30.26 (a) 3.60 T; (b) 1.94 T 

P30.28 500 A 

P30.30 (a) see the solution; (b) d = a 

HolN a a-l 


2 | Va2+R? fa- 


(b) see the solution 


P30.32 (a) 


P30.34 (a) -Bz R? cos0; (b) Bz R? cos 
P30.36 (a) 7.40 uWb; (b) 2.27 uWb 
P30.38 (a) 7.19x10'' V/m.s; (b) 200 nT 


P30.40 277 mA 


K-J 


P30.42  2.97x10* Tus 
:m 


P30.44 


P30.46 


P30.48 


P30.50 


P30.52 


P30.54 


P30.56 


P30.58 


P30.60 


P30.62 


P30.64 


P30.66 


P30.68 


P30.70 


P30.72 


2.02 
(a) 12.6 uT; (b) 56.0 wT 
2.01 GA west 


— 10^? T, enough to affect the compass 
noticeably 


12.0 mN(-k) 


Hodo 
2.54 5zR 


1.80 mT 
(a) ugo v horizontally away from you; 


(b) 0; (c) iuc up; (d) 3.00 x 105. m/s 


(a) see the solution; (b) 3.20 x 10 ? T; 
(c) 102 x 107 N away from the first 
proton; 
(d) 2.30 x 10? N away from the first 
proton 
347 ugI /m perpendicular to the coil 

1 
(a) 9 Hog; (b) out of the page, 
parallel to the roller axes 
675 A downward 
(a) see the solution; (b) 59.2 nN 


see the solution 


4 5 
— 7apR° upward 
15 p. P 


Faraday's Law 


CHAPTER OUTLINE 


ANSWERS TO QUESTIONS 

Faraday’s Law of Induction 
ened Q31.1 Magnetic flux measures the “flow” of the magnetic field 
Induced emf and Electric through a given area of a loop—even though the field does not 
Fields actually flow. By changing the size of the loop, or the 
Generators and Motors orientation of the loop and the field, one can change the 
Eady currents... magnetic flux through the loop, but the magnetic field will not 
Maxwell’s Equations h 

change. 


Q31.2 The magnetic flux is 5 = BAcos@. Therefore the flux is 
maximum when B is perpendicular to the loop of wire and zero 
when there is no component of magnetic field perpendicular to 
the loop. The flux is zero when the loop is turned so that the 
field lies in the plane of its area. 


Q31.3 The force on positive charges in the bar is F = q(v x B). If the bar 
is moving to the left, positive charge will move downward and 
accumulate at the bottom end of the bar, so that an electric field 
will be established upward. 


Q31.4 No. The magnetic force acts within the bar, but has no influence on the forward motion of the bar. 


Q31.5 By the magnetic force law F = q(v x B): the positive charges in the moving bar will flow downward 
y 8 q P 8 8 
and therefore clockwise in the circuit. If the bar is moving to the left, the positive charge in the bar 
will flow upward and therefore counterclockwise in the circuit. 


Q31.6 We ignore mechanical friction between the bar and the rails. Moving the conducting bar through the 
magnetic field will force charges to move around the circuit to constitute clockwise current. The 
downward current in the bar feels a magnetic force to the left. Then a counterbalancing applied 
force to the right is required to maintain the motion. 


Q31.7 A current could be set up in the bracelet by moving the bracelet through the magnetic field, or if the 
field rapidly changed. 


Q31.8 Moving a magnet inside the hole of the doughnut-shaped toroid will not change the magnetic flux 
through any turn of wire in the toroid, and thus not induce any current. 
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Q31.9 


Q31.10 


Q31.11 


Q31.12 


Q31.13 


Q31.14 


Q31.15 


As water falls, it gains speed and kinetic energy. It then pushes against turbine blades, transferring 
its energy to the rotor coils of a large AC generator. The rotor of the generator turns within a strong 
magnetic field. Because the rotor is spinning, the magnetic flux through its turns changes in time as 


) 
B This induced emf is the 


®, = BAcosot. Generated in the rotor is an induced emf of ¢=— 


voltage driving the current in our electric power lines. 


Yes. Eddy currents will be induced around the circumference of the copper tube so as to fight the 
changing magnetic flux by the falling magnet. If a bar magnet is dropped with its north pole 
downwards, a ring of counterclockwise current will surround its approaching bottom end and a ring 
of clockwise current will surround the receding south pole at its top end. The magnetic fields created 
by these loops of current will exert forces on the magnet to slow the fall of the magnet quite 
significantly. Some of the original gravitational energy of the magnet will appear as internal energy 
in the walls of the tube. 


Yes. The induced eddy currents on the surface of the aluminum will slow the descent of the 
aluminum. It may fall very slowly. 


The maximum induced emf will increase, increasing the terminal voltage of the generator. 

The increasing counterclockwise current in B F F Baslenoid 
the solenoid coil produces an upward 

magnetic field that increases rapidly. The I Bring 


increasing upward flux of this field I 
through the ring induces an emf to 
produce clockwise current in the ring. The N 


magnetic field of the solenoid has a 
radially outward component at each point 
on the ring. This field component exerts 
upward force on the current in the ring 
there. The whole ring feels a total upward 
force larger than its weight. 


I solenoid 
—n ga 


FIG. Q31.13 


Oscillating current in the solenoid produces an always-changing magnetic field. Vertical flux 
through the ring, alternately increasing and decreasing, produces current in it with a direction that 
is alternately clockwise and counterclockwise. The current through the ring’s resistance produces 
internal energy at the rate I7R. 


(a) The south pole of the magnet produces an upward magnetic field that increases as the 
magnet approaches. The loop opposes change by making its own downward magnetic field; 
it carries current clockwise, which goes to the left through the resistor. 


(b) The north pole of the magnet produces an upward magnetic field. The loop sees decreasing 
upward flux as the magnet falls away, and tries to make an upward magnetic field of its 
own by carrying current counterclockwise, to the right in the resistor. 


Q31.16 


Q31.17 


Q31.18 


Q31.19 
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(a) The battery makes counterclockwise current 15 ~ 


I, in the primary coil, so its magnetic field 
B.i d : : : m Bi increasing 
1 is to the right and increasing just after the \ c 
switch is closed. The secondary coil will SEN Bo AR 


oppose the change with a leftward field B, , 


which comes from an induced clockwise 

current I, that goes to the right in the 

resistor. 
(b) At steady state the primary magnetic field is 

unchanging, so no emf is induced in the 

secondary. i B; decreasing 1 B; 

\\ moo LA Aem 

(c) The primary’s field is to the right and 5 : 


decreasing as the switch is opened. The 

secondary coil opposes this decrease by FIG. Q31.16 
making its own field to the right, carrying 

counterclockwise current to the left in the 

resistor. 


The motional emf between the wingtips cannot be used to run a light bulb. To connect the light, an 
extra insulated wire would have to be run out along each wing, making contact with the wing tip. 
The wings with the extra wires and the bulb constitute a single-loop circuit. As the plane flies 
through a uniform magnetic field, the magnetic flux through this loop is constant and zero emf is 
generated. On the other hand, if the magnetic field is not uniform, a large loop towed through it will 
generate pulses of positive and negative emf. This phenomenon has been demonstrated with a cable 
unreeled from the Space Shuttle. 


No, they do not. Specifically, Gauss’s law in magnetism prohibits magnetic monopoles. If magnetic 
monopoles existed, then the magnetic field lines would not have to be closed loops, but could begin 
or terminate on a magnetic monopole, as they can in Gauss's law in electrostatics. 


(a) A current is induced by the changing magnetic flux through the a ring of the tube, produced 
by the high frequency alternating current in the coil. 


(b) The higher frequency implies a greater rate of change in the magnetic field, for a larger 
induced voltage. 


(c) The resistance of one cubic centimeter in the bulk sheet metal is low, so the I?R rate of 
production of internal energy is low. At the seam, the current starts out crowded into a small 
area with high resistance, so the temperature rises rapidly, and the edges melt together. 


(d) The edges must be in contact to allow the induced emf to create an electric current around 
the circumference of the tube. Additionally, (duh) the two edges must be in contact to be 
welded at all, just as you can't glue two pieces of paper together without putting them in 
contact with each other. 
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SOLUTIONS TO PROBLEMS 


Section 31.1 Faraday's Law of Induction 


Section 31.3 Lenz's Law 


P311 


P31.2 


P31.3 


P31.4 


P31.5 


P31.6 


A®,| A(NBA) 


E= | 500 mV 

At At 

A®,| A(B.A) (250 T-0.500 T)(8.00x10 m7); 1N.s Y1v.c 
á | AL AL 1.00 s (; rex xE) 
le - 160 mV and I, == 190 V - [0800 mA 

P R 2000 
ABA cos 0, —cos6; 9. o 
fy Oe TM f = -250(50.0 x 10% T)[=0.500 my [ See ost 
At At 0.200 s 
é=| 49.82 mV 
(a) 5 dà y A dB AB max e 
dt dt T 


0.160 m? (0.350 T) 
(b) E= ( 5 ) e 490/200 -| 3,79 mV 
A S 


(c) At t=0 £=] 28.0 mV 


Noting unit conversions from F =qv x B and U=qV, the induced voltage is 


d(B-A) 0-B-Acos@) +200(1.60 T)(0.200 m?)cos0^( 1N.s W1v.C 
N N - 4 -3200 V 
dt At 20.0 x10” s 1T-C-m A Nem 
jr ABT 
R 2000 
„y 408 __NBA-0) 
dt At 
NBA NB(zr?) 500(0.200)z(5.00 1072] 
At =| 7.85x 10° s 


—Cudeet eae 10.0 x 10° 


P31.7 


P31.8 


P31.9 


E 


(a) 


(b) 


(c) 


le 


(b) 


(c) 


(a) 


(b) 
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d(BA 
ABA) 0500p nA d 


= = 0.480 x 10? V 
dt 


a 


£ 480x107 


dne = -|1.60 A 
5 R 300x10* 


Hol 
Bias B 2 


ring 


- [201 pT 


Coil's field points downward, and is increasing, so 


Bying points upward |. 


d(BA) dl AI 
SF, = 950049 = 0.500 gn ars ES 


E ugnz r2 AI 
ing R 2R At 


p Hol _ onary Al 
2n 4r,R At 


The coil’s field points downward, and is increasing, so 


Bying points upward |. 


h+w 
iowa Phe ees adr. Hol ( et) 
2X „ 2m x Ax h 


z do d Aa (rt Hoh (#7) dI 
dt dt| 2x h 27 h dt 
(47x107 T-m/A\(1.00 m) (100.100 

E In 
27 1.00 


Jao A/s) =| 4.80 „V 


The long wire produces magnetic flux into the page through the rectangle, 
shown by the first hand in the figure to the right. 


As the magnetic flux increases, the rectangle produces its own magnetic 


field out of the page, which it does by carrying | counterclockwise | current 


(second hand in the figure). 


A 


<]— 


Y 


FIG. P31.9 
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P31.10 Dp = (uon )Asoenoia 

dl 

dt 

£--150(47x107 T-m/A)(1.00 x10? m^')z(0.0200 m)" (600 A/s)cos(1207) 


dd 
g-—-N Fd = Nyon re enoia) 


e= -14.2cos(120t) mV 


P31.11 For a counterclockwise trip around the left-hand loop, with 
B=At 


Aes" I,(5R)- Ij9R -0 


and for the right-hand loop, 


d 
Atem | + oo R - GR) -0 


where Ipo =1, - I; is the upward current in QP. 


FIG. P31.11 


Thus, — 244? -5R(Ipo +1,)-IpgR =0 
and Aa? + Ig R =1,(3R) 


2Aa? - 6RI pg — (Aa? +IpgR)=0 


2 
za upward, and since R = (0.100 Q/m)(0.650 m) = 0.065 0 Q 


Tose 
PE DBR 
i (100x107? T/s)(0.650 m)? ZG i 
" 23(0.065 0 Q) ANPI 
P3112  |d- pu - x gp Ja = N(0.010 0 + 0.080 0t)A 
At at 
At £25.00 s, |z| - 30.0(0.410 1/s) (0.040 0 mj]- 618 mV 


n turns/m 


P31.13 B= ugnl = ugn(30.0 AJ m gu 
®©; = | BAA = uyn(30.0 A1 e 19 )f dA 


Dp = uon(30.0 A)(1- 67199 Je R? 


Nt 
Beet a = —Nuyn(30.0 A) R2 (1.60)e 1. urns 


FIG. P31.13 
= (50 (4s «107 N/A?)(400 m^! 30.0 A)[x(0.060 0 m) [60 ste% 


e=] (68.2 mV)e ! '* counterclockwise 


*P31.14 


P31.15 


*P31.16 


(a) 


(b) 


= — 
d 
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Each coil has a pulse of voltage tending to produce à 
counterclockwise current as the projectile sS 
approaches, and then a pulse of clockwise voltage 
as the projectile recedes. 


d. cm saa 0 p^ 
t 240x10?s V V 


FIG. P31.14 


AV 


i N(?ABcos Ó 


(NB? cos 6) Xi 


£A (80.0 x10? v 0.400 s) 


Length = 4/N = 4(1.36 m)(50) =| 272m 


(a) 


(b) 


= =1.36 m 


NABcos@  |(50)(600x10'5 T- 200 105 T)cos(30.0°) 


Suppose, first, that the central wire is long and straight. The enclosed current of unknown 
amplitude creates a circular magnetic field around it, with the magnitude of the field given 
by Ampere’s Law. 


B- Hol max SIN © t 


B-ds= uol: 
j Mo 2nR 


at the location of the Rogowski coil, which we assume is centered on the wire. This field 
passes perpendicularly through each turn of the toroid, producing flux 


B.A- HolmaxAsin@t 
AxR 


The toroid has 27 Rn turns. As the magnetic field varies, the emf induced in it is 


d Holy A d 
&£--N—B-.A--2z Rn = sinot- ug, 4,nAocosot. 
dt 2gR dt poe 
This is an alternating voltage with amplitude £ max = HonAo Imax: Measuring the amplitude 


determines the size Imax of the central current. Our assumptions that the central wire is long 
and straight and passes perpendicularly through the center of the Rogowski coil are all 
unnecessary. 


If the wire is not centered, the coil will respond to stronger magnetic fields on one side, but 
to correspondingly weaker fields on the opposite side. The emf induced in the coil is 
proportional to the line integral of the magnetic field around the circular axis of the toroid. 
Ampere’s Law says that this line integral depends only on the amount of current the coil 
encloses. It does not depend on the shape or location of the current within the coil, or on 
any currents outside the coil. 
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P31.17 In a toroid, all the flux is confined to the inside of the | 


toroid. ie 500 | 
p LoNI _ 5004o] | 


2mr 2mr 


Dp = | BdA = 500 kol max sinot| dum 
B 20 Y 


N'-20 
op = t mos asino “**) EE | 
20 | b -R - 
d® 500141 b+R 
-N' Bo 20 04 max l t 
d 27 Joa Y R Jeso FIG. P31.17 
: 3.00 + 4.00 
¿= 10 (as x107 N/A? (50.0 A)(377 rad/s)(0.020 0 m)In Gn MM 
2n 4.00 cm 


=| (0.422 V)cosot | 


*P3118 The upper loop has area z(0.05 m)? - 7.85 x10? m°’. The induced emf in it is 
£= -N-Ż BAcosó- -1Acos0° T 2—785x10? m?(2 T/s) = -1.57 x10? V. 


The minus sign indicates that it tends to produce counterclockwise current, to make its own 
magnetic field out of the page. Similarly, the induced emf in the lower loop is 


& - -NA cos 2 =-—7(0.09 m) 2 T/s = —5.09 x 10? V =+5.09 x 10? V to produce 


counterclockwise current in the lower loop, which becomes clockwise current in the upper loop |. 


The net emf for current in this sense around the figure 8 is 
5.09 x 10 V -1.57x10? V 23.52x10? V. 


It pushes current in this sense through series resistance [22(0.05 m)+ 2z(0.09 m) Q/m = 2.64 Q. 
g 352x107 V — 


The current is I = 13.3 mA |. 
R 2.64 QO 
Section 31.2 Motional emf 
Section 31.3  Lenz's Law 
P31.19 (a) For maximum induced emf, with positive charge at the top of the antenna, 


F, - 4, (vx B), so the auto must move | east |. 


65.0 x10? m 


b = Blv 2 (5.00 x10 T|(1.20 
Dy. abie p pa zl 3600s 


Joses- 4.58 x10% V 


P31.21 


P31.22 


*P31.23 


j-£_ BV 
R R 
v=1.00 m/s 


(a) |F| = I|¢ x B|= IB 


When I= 


Blo B20 (2.50)? (1.20)? (2.00) 


R (Bye R 


6.00 


The applied force is | 3.00 N to the right |. 


252,2 
Hour c E fne 


(b) P=PR= 


6.00 W 


Fg =B and e= Bfv 


€ Bev IR 
= so B= 
R R fo 


24 
Ge eb aiae LA 
fo R 


(b) I’R=] 2.00 W 


[= 


(c) For constant force, ? = F- v = (1.00 N)(2.00 m/s) =} 2.00 W |. 


Chapter 31 221 


FIG. P31.21 


Model the magnetic flux inside the metallic tube as constant as it shrinks form radius R to radius r: 


2.50 T(2R?) = Byzr? 


2 
B, = 2.50 (2) = 2.50 T(12)” =| 360 T 
r 
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*P31.24 


*P31.25 


Observe that the homopolar generator has no commutator and 
produces a voltage constant in time: DC with no ripple. In time dt, the 
disk turns by angle d0 = dt. The outer brush slides over distance rd0 . 
The radial line to the outer brush sweeps over area 


dA= T ns T Adi ; 
2 2 


The emf generated is g--N £s ‘A 
£= -(1)B cosi de (ro) 
dt 2 


(We could think of this as following from the result of Example 31.4.) 


FIG. P31.24 


The magnitude of the emf is 


la- ero) =(0.9 N-s/C mJ $(04 m) (3 200 rev/min) | 2 td 


60 s/min 


le|=[241 V 


A free positive charge q shown, turning with the disk, feels a magnetic force qv x B K r S radially 


outward. Thus the | outer contact is positive |. 


The speed of waves on the wire is 


gp eov S 
Hu 3x10 kg 


In the simplest standing-wave vibration state, 


duy = 064m - 2 A=1.28 m 
Bhd nuu o MP LA ae 
A 128 
(a) The changing flux of magnetic field through the circuit containing the wire will drive 


current to the left in the wire as it moves up and to the right as it moves down. The emf will 


have this same frequency of | 233 Hz |. 


(b) The vertical coordinate of the center of the wire is described by 


x = Acosat = (1.5 cm)cos(27233 t/s). 
Its velocity is v = E - -(1.5 cm)(27 233/s)sin(22233 t/s). 


Its maximum speed is 1.5 cm(27) 233/s = 220 m/s. 


The induced emf is e = —Bév, with amplitude 


Emax = BLU max = 4.50x 107? T(0.02 m)22 m/s =| 198x 10? V |. 


P31.26 


P31.27 


P31.28 
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d AA 
e^ -N BA cosd=-NBcos ^4. sem amm - 
Iv d 


(3.00 m x 3.00 msin 60.09) — (3.00 m)? 


e = —1(0.100 T) cos 0? =1.21 V 
0.100 s 
= my =| 0.121 A FIG. P31.26 
10.0 Q 


The flux is into the page and decreasing. The loop makes its own magnetic field into the page by 


carrying | clockwise | current. 


=(2.00 rev/s)(27 rad/rev) = 4.007 rad/s 


s- Bor =| 2.83 mV 


(a) B, - B,4i and B 
induced field is By = Boi (to the right) and the 


ext decreases; therefore, the 


current in the resistor is directed | to the right |. 


(b) Boy = B, (-i) increases; therefore, the induced 


field By = By(+i) is to the right, and the current in (@) (b) 


Low] — 
T 


(c) B4, = B, (-k) into the paper and B,,, decreases; —) i 
EE = 
therefore, the induced field is By = B,(-k) into the 
© (d) 
paper, and the current in the resistor is directed 
to the right |. FIG. P31.28 
(d) By the magnetic force law, F5 = q(v x B) . Therefore, a positive charge will move to the top of 


the bar if B is | into the paper |. 
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P31.29 


P31.30 


P31.31 


(a) The force on the side of the coil entering the field Bin 
(consisting of N wires) is = " e H S . E d 
w 6000006G 
F = N(ILB) = N(IwB). = 699968060 
The induced emf in the coil is QUAE 
d(B 
lof =n 208 p OD gy K 
dt dt L (2 
BO 
lel = Neu counterclockwise. 


so the current is I = 7 


The force on the leading side of the coil is then: 


252..2 
F-N( 5T us - N — S to the left |. 


(b) Once the coil is entirely inside the field, 
Q5 = NBA = constant , 


so £€-0,120, and F=/0). FIG. P31.29 


(c) As the coil starts to leave the field, the flux decreases at the rate Bwo, so the magnitude of the 
current is the same as in part (a), but now the current is clockwise. Thus, the force exerted on 
the trailing side of the coil is: 


252,2 
F= UAE to the left again |. 
R 


Look in the direction of ba. The bar magnet creates a field into the page, and the field increases. The 
loop will create a field out of the page by carrying a counterclockwise current. Therefore, current 


must flow from b to a through the resistor. Hence, V, — V, will be | negative |. 


Name the currents as shown in the diagram: 


Left loop: +Bdv, —1,R, —1,R, =0 ir 

: -——|x x Lt 

Right loop: +Bdv, —1,R,+1,R, =0 v=4.00 m/s|x x x 03=2.00 m/s 
R= 

At the junction: I, =1, +1, 

Then, Bdv, - LR, -IR —1,R, =0 

2713277372771 M R3-10.0 2 R4-15.0 Q 
CEECHSEE Ce FIG. P31.31 


BdoR, LRR, _ 
R3 R5 


So, Bdv, - L (R4 + R;) 0 


I, =Bd v2Rs —UsRy upward 
RiR; + R,R3 + RR; 


(4.00 m/s)(15.0 Q)—(2.00 m/s)(10.0 Q) I 
(5.00 Q)(10.0 Q) + (5.00 Q)(15.0 Q) + (10.0 Q)(15.0 Q) 


I, = (0.010 0 T)(0.100 zl 145 uA | upward. 
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Section 31.4 Induced emf and Electric Fields 


"ccm 
P3132 (a) = 6.001" -8.004 ld ws " ed a 
zR? (dB/dt) 8.007(0.025 0)" | COR S 
At t2 2005, E= = en ee 

207, 27(0.050 0) eee 

in ung 


F =qE=| 8.00 x10” N 


(b) When 6.00f7-8.00f=0, t=]1.33 s 


p3133 — "P =0.0600t la = HO. ate —=2arE 
dt dt 
At t=3.00s, 
2 
0.020 0 ; 
p AL ™ (0.060 0 T/s?)(3.00 (ZS) 
27r; | dt 2 1T-C-m 
E-/180x10? N/C perpendicular to r, and counterclockwise FIG. P31.33 
d® 
P3134 (a E.dé=|—4 
a f | 2: 
2 dB 
2nrE - (nr los so E =| (9.87 mV/m)cos(100z t) 
(b) The E field is always opposite to increasing B. ~. | clockwise |. 


Section 31.5 Generators and Motors 


P31.35 (a) Emax = NABo = (1 000)(0.100)(0.200)(120 7) =| 7.54 kV B neat 
(b) &(t) - NBA@sinat = NBAasin@ 8 i ae axis 
|e| is maximal when |sin 6|=1 
m m FIG. P31.35 


so the | plane of coil is parallel to B |. 
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P3136 For the alternator, œ = (3 000 rev/min} 


P31.37 


P31.38 


*P31.39 


mE dD, 

dt 
(a) & — (19.6 V)sin(314t) 
(b) Emax 196 V 


2zrad f: min 


lrev 60s 


| 


= 314 rad/s 


B= unl =(4r x107 T-m/A)(200 m™)(15.0 A) - 37710? T 


For the small coil, b; = NB. A- NBA cos øt = NB(zr?)cosot . 


Thus, é= 
dt 


e = (30.0)(3.77 x 10? T)z(0.080 0 m)*(4.007s™ )sin(4.007 t) = 


As the magnet rotates, the flux 
through the coil varies 
sinusoidally in time with o5 =0 
at t=0. Choosing the flux as 
positive when the field passes 
from left to right through the 
area of the coil, the flux at any 
time may be written as 

o, =-®,,,, sin@t so the 


induced emf is given by 


- NBzr^osinot 


= -250 1 [(2.50 x10% T- m?)cos(314t/s)| = +250(2.50 x 10 T-m? |(314/s) sin(314#) 


(28.6 mV)sin(4007t) |. 


U/T = (ot/2z) 
RED EmC E FIG. P31.38 
: Y E€ o hax 
The current in the coil is then I = ao cos@t=| I nax cosat |. 
y? mA —» 850 mA 
11.8 Q 
120V To analyze the actual circuit, we model it as 120 V . 
| ~ =n ^ back 
(a) The loop rule gives +120 V -0.85 A(11.8 Q) - £back =0 Epack =| 110 V |. 
(b) The resistor is the device changing electrical work input into internal energy: 
$-I?R- (0.85 A)! (118 Q) =| 853 W |]. 
(c) With no motion, the motor does not function as a generator, and £pack = 0. Then 


120 V - I,(1L.8 Q)=0 


$ = I2R- (10.2 A (118 Q) - | .22 kW 


I, =10.2 A 
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P3140 (a) Emax = BA@ = (žar Jo 


Emax = (1.30 1)7 (0.250 m)" (4.00 rad/s) 


Emax = 1.60 V Figure 1 
€ 
27 2x 
= BA 
(b+) — z-[40- — [sinaio=[0 t 
o 27 2m 4 
(c) The maximum and average ¢ would remain Figure 2 
unchanged. 
FIG. P31.40 


(d) See Figure 1 at the right. 


(e) See Figure 2 at the right. 


P3141 (a) ®©; = BA cos 9 = BA cos o t = (0.800 T)(0.010 0 m*)cos 2(60.0)t =| (8.00 mT m? )cos(377t) 


| do, * 


MR 


(3.02 V)sin(377t) 


€ 


(c) I- rg (3.02 A)sin(3771) 


(d) $9 - ]?R- | (9.10 W)sin?(377t) 


Imi 


(e) $-Fvo- to so c- —-|(241 mN-m)sin?(377t) 
to, 


Section 31.6 Eddy Currents 


P31.42 The current in the magnet creates an 12 upward magnetic field, so the N and S poles on the 


solenoid core are shown correctly. On the rail in front of the brake, the upward flux of B increases as 


the coil approaches, so a current is induced here to create a downward magnetic field. This is =) 


clockwise current, so the S pole on the rail is shown correctly. On the rail behind the brake, the 
upward magnetic flux is decreasing. The induced current in the rail will produce upward magnetic 


field by being 12 counterclockwise as the picture correctly shows. 
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P31.43 (a) At terminal speed, 


B B2 2 
Mg =F; = ob - 7 en wt B= ae 


MgR : 
Or UT = Bo? . 2) 
e es 
i 
(b) The emf is directly proportional to vy , but the [- v 
current is inversely proportional to R. A large R y Binduced 
means a small current at a given speed, so the loop 
must travel faster to get Fg = mg . FIG. P31.43 
(c) At a given speed, the current is directly proportional to the magnetic field. But the force is 


proportional to the product of the current and the field. For a small B, the speed must 
increase to compensate for both the small B and also the current, so v, œ B2. 


Section 31.7 . Maxwell's Equations 


ij k 
P3144  F-ma-qE*qvxB so a=—-[E+vxB] where vxB-100 0 0 |--400j 
m 
0 0 0.400 
iu ER E 
IU i iom zT 11 à 
TTNET [2.504 +5.00} 400j| (-1.76 x10 J2:5oi + 1.00) 


a =| (-439 x10! 1-176107 j) m/s? 


P31.45 F=ma=qgE+qvxB 
i j k 
a=—[E+vxB] where v x B=] 200 0 0 
m 0.200 0.300 0.400 


= —200(0.400)j + 200(0.300)k 


_ 160x107” 
1.67 x10 7 


a-287 x10 |-j 2k] m/s? =| (2.87 10°}+5.75 «10° k) m/s? | 


[50.0j 80.0} + 60.0k] = 9.58 x 10’[-30.0j + 60.0k| 


Additional Problems 
P3146 £= EE cos 0) = -N(zr?)cos e (2 
dt dt 
-3 2 d . -1 
e = -(30.0) 2(2.70 x10 m) (2) [500 mT + (3:20 mT)sin(2z[523t s J 


g- -(80.0} x(270 x10? m) [320 x10 T)[20(523 s^! Jcos(22 523: s J 


e=| (7.22107 V) cos|2n(5238 s7 ) 


P31.47 


P31.48 


P31.49 
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(a) Doubling the number of turns. 


(a) Original 
Curve 


Amplitude doubles: period unchanged 


(b) Doubling the angular velocity. 


doubles the amplitude: cuts the period in half 


(c) Doubling the angular velocity while reducing the 
number of turns to one half the original value. FIG. P31.47 


Amplitude unchanged: cuts the period in half 


(BA cos 6) = -N(z1?)cos0° == = -1(0.005 00 ma qo 


g£--N -= 
20.0 x107 s 


A —0.875 V 
At 


€ 0.875 V 
R 0.02000 


(a) 43.8 A 


(b) P = d = (0.875 V)(43.8 A) =| 38.3 W 


In the loop on the left, the induced emf is p m EE E 0.50 m ms 


lel= T - a= = z(0.100 m)*(100 T/s) - z V 


and it attempts to produce a counterclockwise 
current in this loop. 


In the loop on the right, the induced emf is 


lé 


and it attempts to produce a clockwise current. Assume that I, flows down through the 6.00-Q 


d 
- zs = (0.150 m)? (100 T/s) = 2.257 V Stn 


resistor, I, flows down through the 5.00-O resistor, and that I, flows up through the 3.00-Q 


resistor. 

From Kirchhoff's junction rule: I; =I, +1, (1) 
Using the loop rule on the left loop: 6.001, + 3.0014 =z (2) 
Using the loop rule on the right loop: 5.001, + 3.001, = 2.257 (3) 


Solving these three equations simultaneously, 


I, =| 0.0623 A |, I, =| 0.860 A |, and I, =| 0.923 A |. 


230  Faraday's Law 
P31.50 The emf induced between the ends of the moving bar is 


£ = Blv = (2.50 T)(0.350 m)(8.00 m/s) — 7.00 V . 


The left-hand loop contains decreasing flux away from you, so the induced current in it will be (E 
clockwise, to produce its own field directed away from you. Let I, represent the current flowing 
upward through the 2.00-Q resistor. The right-hand loop will carry counterclockwise current. Let I} 
be the upward current in the 5.00-Q resistor. 


(a) Kirchhoff's loop rule then gives: +7.00 V-1,(2.00Q)=0 1,=|3.50A 
and +7.00 V-13(5.00Q)=0 I; =| 140A]. 
(b) The total power dissipated in the resistors of the circuit is 


P= el; + el} = (I, +1,) =(7.00 V)(3.50 A+1.40 A)=| 343 W |. 


(c) Method 1: The current in the sliding conductor is downward with value 
I, =3.50 A +1.40 A = 4.90 A . The magnetic field exerts a force of 


F,, = KB = (4.90 A)(0.350 m)(2.50 T) = 4.22 N directed m toward the right on this 


conductor. An outside agent must then exert a force of | 4.29 N | to the left to keep the bar 


moving. 


Method 2: The agent moving the bar must supply the power according to # = F-v=Fvcos0°. 
The force required is then: 


9$. 34.3 W 
v 8.00 m/s 


=|4.29N |. 


P31.51 Suppose we wrap twenty turns of wire into a flat compact circular coil of diameter 3 cm. Suppose we 
use a bar magnet to produce field 10? T through the coil in one direction along its axis. Suppose 
we then flip the magnet to reverse the flux in 107 s. The average induced emf is then 


g--N 


As N A[BAcos0] _ Nar?) S87 —cos0 
At At 


é= ~(20)(10 T) (0.015 0 wy -| —104 v 


P31.52 


*P31.53 


l= E+ Einduced 
R 


and 


To solve the differential equation, let 


so 


Integrating from t=0 to t=t, 


or 


Since v=0 when t=0, 
and 


Therefore, 


The enclosed flux is 


The particle moves according to $F = ma: 


Then 


dv lBd Bd 


dt "n me + Einduced ) 


LAM g P Cmn. 

Hg 

ug =E 

u= €- Bvd 

e- Bud = ge Pim | 


ge ne) , 


®©, =BA=Bar’. 


mv? 


quB sin 90° = 


mo 


r=—. 
qB 


(15 x10-* T-m?)(30x10~° C) (0.6 T) 


®,q°B 
A - - 
(a) v | peu 


n(2x 1075 kg)" 
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-|254x10? m/s 


FIG. P31.52 


(b) Energy for the particle-electric field system is conserved in the firing process: 


U; -Kr: 


AV - 


1 
AV =—mv 
7 2 


mo? (2x10™ kg)(2.54x10° m/s) 


2q — 


2(30 x10? C) 


=| 215 V |. 
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*P31.54 (a) Consider an annulus of radius r, width dr, height b, and resistivity p. Around its 
circumference, a voltage is induced according to 


d d 
g--N T B-A=-1 2 B, (cosot)zr? 2 B, zr?osinot. 
201 
The resistance around the loop is iene PT i 
A, bdr 
DE j 
The eddy current in the ring is dI = s _ Bua? DISQUE Sine Oras 
resistance p(2zr) 2p 
Bear bo drsin? ot 
The instantaneous poweris d8 = ed] = mage ; LR 
p 

F : . 2 1 1 al 1 

The time average of the function sin^ wot = a 2ot is a 0- > 


so the time-averaged power delivered to the annulus is 


B2 


3, 2 
go- Bra”! bo*dr 


4p 


Rp2 qp? 
The power delivered to the disk is P= ja? = J ET r? 
0 p 


dr 


P 


| Biazbo? R* 0 zB? aR bo’ 
4p 4 16p 


(b) When Bmax gets two times larger, Bo. and ?get | 4 | times larger. 


(c) When f and v » 2z f double, o? and get | 4 | times larger. 


(d) When R doubles, R^ and ?become 2* =| 16 | times larger. 


puss j-£.BMl 
R RA 
rap = (5:0 LiT (0.200 m) more 
sO g= = El 
: 0.500 Q 
d à; 
P31.56 (a) 1-41- E where sci HEC jagd fao, 
dt R di Rd 


and the charge through the circuit will be |Q|= NC 2-94). 


N z|| BAN 
(b) Q- ur cos0 — BA cos =) ate 


RQ (200 2)(5.00 x10 C) 


= X= - [0:250 T |. 
NA (100)(40.0 x10% m?) 


so B 


P31.57 


P31.58 


P31.59 


P31.60 


(a) 


(b) 


(c) 


(d) 


£= Blv = 0.360 V 
R 


Fg = MB =| 0.108 N 


Since the magnetic flux B-A is in effect decreasing, the 
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0.900 A 


induced current flow through R is from b to a. | Point b | is 


at higher potential. 


FIG. P31.57 


No |. Magnetic flux will increase through a loop to the left of ab. Here counterclockwise 


current will flow to produce upward magnetic field. The current in R is still from b to a. 


€ = Bév at a distance r from wire 


le|- ET 
Azr 


(a) 


(b) 


(c) 


(b) 


(c) 


E 
dt 


At time f, the flux through the 


At t=0, Op= zar? 


loop is 


—abr 


2 


E m 
dt dt 
J-E- abr? 
R 


sca ea [ERE 


(NBA)- AR ee -za?^K 


Q=Ce=| Cza?K 


|i 
a 


FIG. P31.58 


o, = BAcos@ - (a « bt) r? )cos0°= z(a * bt)r?. 


B into the paper is decreasing; therefore, current will attempt to counteract this. Positive 


charge will go to | upper plate |. 


The changing magnetic field through the enclosed area | induces an electric field |, 


surrounding the B-field, and this pushes on charges in the wire. 
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P31.61 The flux through the coil is 0g = B. A = BAcos0 = BAcosot. The induced emf is 


d(cosat 
ean 405 __ pa loose!) 
di di 


= NBAosinot. 


(a) Emax = NBA © = 60.0(1.00 T)(0.100 x 0.200 m? (30.0 rad/s) - | 36.0 V 


do, 
dt 


do, 
dt 


Emax _ 36.0 V 
N 600 


(b) = 0.600 V =| 0.600 Wb/s 


zem ,thus 
N 


max 


(c) At t =0.0500 s, œt 21.50 rad and 
E= Emax Sin(1.50 rad) = (36.0 V)sin(1.50 rad) =| 35.9 V |. 


(d) The torque on the coil at any time is 


-|ux B|- |NIA x B| = (NAB)I [sino t|- (Za (2 Jin ot. 
e 


e (36.0 V)? 


max 


2 =|432N-m |]. 
cR (300 rad/s)(10.0 Q) 


When £= £ max sinot-1.00 and r= 


P31.62 (a) We use z--N2TL, with N=1. 


Taking a=5.00 x 10? m to be the radius of the washer, and h=0.500 m, 
Hol — ug | E Hol 1 1) ~pgahl 


A®, = B,A-B,A=A(B, - B) zii 


2a(h+a) 2ra 2 \ht+a aj 2(hea). 
; . F 2h 
The time for the washer to drop a distance h (from rest) is: At= |—. 
s 


Therefore, €= ugühl _ noah |g — moal jgh 
2(h+a)At 2(h+a)\2h 2(h+a) 


(47x107 T-m/A)(5.00x10® m)(10.0 A) | (9.80 m/s? (0.500 m) 
2(0.500 m + 0.005 00 m) 2 


=|97.4nV |. 


and 


(b) Since the magnetic flux going through the washer (into the plane of the paper) is decreasing 
in time, a current will form in the washer so as to oppose that decrease. Therefore, the 


current will flow in a | clockwise direction |. 


P31.63 Find an expression for the flux through a rectangular area “swept out" Er 
by the bar in time t. The magnetic field at a distance x from wire is i 
BRE 
I 
B--0. and © B= [Baa . Therefore, 
27 x 
oe” uolet" f= E: where vt is the distance the bar has moved in time f. 
mE E FIG. P31.63 
A 
Then, |e|= Di. Hol’ i + : 
27 r 
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I 
P31.64 The magnetic field at a distance x from a long wire is B = . Find an expression for the flux 


TX 
through the loop. 
r+w 
doy PENA (dx) so ®z= Holt J Bale in 1+ 3 
27x 2m |, x 2m [4 
d It 
Therefore, E Da A UNE and I= oe ETL 
dt Amr (r+w) R | 2aRr (r+w) 

P31.65 Weare given o, = (600? - 18.07) T-m? 

and e=— 425 _ 18.047 +3608. 

dt 
Maximum E occurs when = = —36.0t + 36.0 =0 
which gives t-1.00s. 
-18.0 + 36.0) V 
Therefore, the maximum current (at £21.00s)is I= eo hi ny 6.00 A |. 
R 3.00 Q 

P31.66 For the suspended mass, M: $, F = Mg -T = Ma. 

For the sliding bar, m: £ F=T-I¢B=ma, where I= - = — 

Mit —. - (m4 M)a Or a a £ T 

dt m+M R(M+m) 

v t M 292 

J us = [at where a= 8 and D E d RN 

ala- fo) 5 M+m R(M+m) 

: ; "TX a -$t MgR -B?(?t/R(M+m) 

Therefore, the velocity varies with time as v= at -e ) EET» | -e 

P31.67 (a) é=—-N ae NA ab -NA d (ugnI) where A = area of coil 
dt dt dt 
N = number of turns in coil 
and n= number of turns per unit length in solenoid. 


Therefore, — |e| - NugAn EXE sin(1207 t)|= NuoAn(4807)cos(120 t) 


lel = 40(47 x 107 (0.050 0 m) [2.00 x 10 (480) cos(120: t) 


le| =| (1.19 V)cos(120z1) 


119 V)? cos?(120zt 
(b) I- ae and P=AVI = ( ) ( ) 
R 8.00 Q 
2 1 1 
From cos” 0 = —4 —cos20 
2 2 


1 119 V)? 
the average value of cos? 0 is T so ?= ( Bars 


DiS d ces BEES mW 
2 (8.00 Q) 
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d d ,0a* Baà?dó 1,2 1 2 
*P31. --N-——BAcos0--1—B 0°= = B = 0.5 T)(0.5 2 rad 
P31.68 (a) E o e 45.5. 08 CUT 5 Ba e 25 )(0.5 m)" Z rad/s 


= —0.125 V =| 0.125 V clockwise 


The - sign indicates that the induced emf produces clockwise current, to make its own 
magnetic field into the page. 


(b) At this instant 0 — ct — 2 rad/s(0.25 s) 2 0.5 rad. The arc PQ has length 
r0 == (0.5 rad)(0.5 m) 2 0.25 m. The length of the circuit is 0.5 m-- 0.5 m +0.25 m=1.25 m its 


Bv =| 0.0200 A clockwise |. 
6.25 Q 


resistance is 1.25 m(5 Q/m) = 6.25 Q. The current is 


*P31.69 Suppose the field is vertically down. When an electron is moving away | 
from you the force on it is in the direction given by @ t 
v 


qv x B, as -(away)x down = - sS = -left = right. P3 m 
B 


c 


Therefore, the electrons circulate clockwise. 
FIG. P31.69 


(a) As the downward field increases, an emf is induced to produce some current that in turn 


produces an upward field. This current is directed 4 x counterclockwise, carried by 


negative electrons moving clockwise. Therefore the original electron motion speeds up. 


(b) At the circumference, we have J` F, = ma, : \q|oB. sin 90° = 


mo = larB. ; 
The increasing magnetic field B,, in the area enclosed by the orbit produces a tangential 


electric field according to 
dB r dB 


|fE-as|= D. oA E(2ar)= ar? —2 E=, 
dt dt 2 dt 
An electron feels a T force according to >) F, = ma, : lalE =m "i : 
r dB, r 
Then lq Iz 2 E = ld 5 Pw == lalrB. 
and Bw = 2B,. 


P31.70 The induced emf is ¢=Blv where B= fo, Vp = 0; + gt - (9. 80 m/s? IZ and 
my 


yy = Vi -1g =0.800 m - (490 m/s?)t? 


(47x107 T-m/A)(200 A) 
7 27|0.800 m - (490 m/s?)r?] 


(118 x 10*)r 
[0.800 E 490r ] 


(0.300 m)(9.80 m/s?)t = 


(1.18 x 10 * (0.300) 
At £20300 s, £= 5 V-[983 jV ]. 
[0.800 — 4,90(0.300) | 


P31.71 


P31.72 
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The magnetic field produced by the current in the straight wire is ——— 
perpendicular to the plane of the coil at all points within the coil. The | th 
magnitude of the field is B = Hol. . Thus, the flux linkage is r Ii 
Azr | " 
hw hes | 
NO, = HE J gr. Ho Tene in( 77 sin(eot +6). di y 
àm yof 27 h L —— 
Finally, the induced emf is FIG. P31.71 
Bolsa Leo zE + = Jeoso t+¢) 
m h 
(42 x 107 )(100)(50.0)(0.200 m)(2007 s~) 500 cm 
€ i + Jeostw t+¢@) 
21 5.00 cm 


e =| -(871 mV)cos(200zt + ¢) 


The term sin(wt+ 9) in the expression for the current in the straight wire does not change 
appreciably when wt changes by 0.10 rad or less. Thus, the current does not change appreciably 
during a time interval 


Ape Opie, 


(20075) 


We define a critical length, cAt = (3.00 x 10? m/s\(16 x10% s) =4.8x10* m equal to the distance to 


which field changes could be propagated during an interval of 1.6 x 10 * s. This length is so much 
larger than any dimension of the coil or its distance from the wire that, although we consider the 
straight wire to be infinitely long, we can also safely ignore the field propagation effects in the 
vicinity of the coil. Moreover, the phase angle can be considered to be constant along the wire in the 
vicinity of the coil. 


If the frequency w were much larger, say, 2007 x10? s^! , the corresponding critical length would be 
only 48 cm. In this situation propagation effects would be important and the above expression for € 
would require modification. As a "rule of thumb" we can consider field propagation effects for 


circuits of laboratory size to be negligible for frequencies, f = E , that are less than about 10° Hz. 
m 


do 
Q5 =BAcosé -y T7 eBA sing; 


CCW | Torque 
Ic —-sinQ 


r c IBsin | oc —sin? 0 


FIG. P31.72 
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ANSWERS TO EVEN PROBLEMS 


P31.2 


P31.4 


P31.6 


P31.8 


P31.10 


P31.12 


P31.14 


P31.16 


P31.18 


P31.20 


P31.22 


P31.24 


P31.26 


P31.28 


P31.30 


P31.32 


P31.34 


P31.36 


P31.38 


0.800 mA 


(a) see the solution; (b) 3.79 mV; 
(c) 28.0 mV 


78.5 us 


2 
nar, AI ; 

(a) eel e counterclockwise; 
AR At 


DRE 
a a A. (c) upward 


©) 4r,R At 


-14.2 mV cos(1201) 

61.8 mV 

(a) see the solution; (b) 625 m/s 
see the solution 


13.3 mA counterclockwise in the lower 
loop and clockwise in the upper loop. 


1.00 m/s 

(a) 500 mA; (b) 2.00 W; (c) 2.00 W 
24.1 V with the outer contact positive 
121 mA clockwise 


(a) to the right; (b) to the right; 
(c) to the right; (d) into the paper 


negative; see the solution 


(a) 8.00 x10 7! N downward 
perpendicular to 1; (b) 1.33 s 


(a) (9.87 mV/m)cos(100 t); (b) clockwise 
(a) (19.6 V)sin(314t); (b) 19.6 V 


see the solution 


P31.40 


P31.42 


P31.44 


P31.46 


P31.48 


P31.50 


P31.52 


P31.54 


P31.56 


P31.58 


P31.60 


P31.62 


P31.64 


P31.66 


P31.68 


P31.70 


P31.72 


(a) 1.60 V; (b) 0; (c) no change; 
(d) and (e) see the solution 


both are correct; see the solution 
(-4.39i-1.76j)10"! m/s? 
-(7.22 mV) cos(27523 t/s) 


(a) 43.8 A; (b) 38.3 W 


(a) 3.50 A up in 2 Q and 140 A up in 5 Q; 
(b) 343 W ; (c) 4.29 N 


see the solution 


NNUS 
16p 


(c) 4 times larger; (d) 16 times larger 


; (D) 4 times larger; 


(a) see the solution; (b) 0.250 T 
see the solution 


(a) Cz à? K ; (b) the upper plate; 
(c) see the solution 


(a) 97.4 nV; (b) clockwise 


Hglfo w 
2z Rr (r * w) 


MgR 1 — e PRO m) 
Bel ° 


(a) 0.125 V to produce clockwise current; 
(b) 20.0 mA clockwise 


118x104 


E M HM goy 
0.800 — 4,90€? s 


see the solution 


Inductance 


CHAPTER OUTLINE 


ANSWERS TO QUESTIONS 
32.1 Self-Inductance 
322 RL Circuits "n Q32.1 . Theemfinducedinan inductor is opposite to the direction of the 
ae ae jn aces ipl changing current. For example, ina simple RL circuit with current 
32.5 Oscillations in an LC Circuit flowing clockwise, if the current in the circuit increases, the 
32.6 The RLC Circuit inductor will generate an emf to oppose the increasing current. 


Q32.2 The coil has an inductance regardless of the nature of the current 
in the circuit. Inductance depends only on the coil geometry and 
its construction. Since the current is constant, the self-induced 
emf in the coilis zero, and the coil does not affect the steady-state 
current. (We assume the resistance of the coil is negligible.) 


Q32.3 The inductance of a coil is determined by (a) the geometry of the 
coil and (b) the “contents” of the coil. This is similar to the 
parameters that determine the capacitance of a capacitor and the 
resistance ofa resistor. With an inductor, the most important 
factor in the geometry is the number of turns of wire, or turns per 
unit length. By the “contents” we refer to the material in which the 
inductor establishes a magnetic field, notably the magnetic 
properties of the core around which the wire is wrapped. 


Q32.4 If the first set of turns is wrapped clockwise around a spool, wrap the second set counter-clockwise, 
so that the coil produces negligible magnetic field. Then the inductance of each set of turns 
effectively negates the inductive effects of the other set. 


Q32.5 After the switch is closed, the back emf will not exceed that of the battery. If this were the case, then 
the current in the circuit would change direction to counterclockwise. Just after the switch is opened, 
the back emf can be much larger than the battery emf, to temporarily maintain the clockwise current 
in a spark. 


Q32.6 The current decreases not instantaneously but over some span of time. The faster the decrease in the 
current, the larger will be the emf generated in the inductor. A spark can appear at the switch as it is 
opened because the self-induced voltage is a maximum at this instant. The voltage can therefore 
briefly cause dielectric breakdown of the air between the contacts. 


Q32.7 When it is being opened. When the switch is initially standing open, there is no current in the 
circuit. Just after the switch is then closed, the inductor tends to maintain the zero-current condition, 
and there is very little chance of sparking. When the switch is standing closed, there is current in the 
circuit. When the switch is then opened, the current rapidly decreases. The induced emf is created in 
the inductor, and this emf tends to maintain the original current. Sparking occurs as the current 
bridges the air gap between the contacts of the switch. 
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Q32.8 


Q32.9 


Q32.10 


Q32.11 


Q32.12 


Q32.13 


A physicist’s list of constituents of the universe in 1829 might include matter, light, heat, the stuff of 
stars, charge, momentum, and several other entries. Our list today might include the quarks, 
electrons, muons, tauons, and neutrinos of matter; gravitons of gravitational fields; photons of 
electric and magnetic fields; W and Z particles; gluons; energy; momentum; angular momentum; 
charge; baryon number; three different lepton numbers; upness; downness; strangeness; charm; 
topness; and bottomness. Alternatively, the relativistic interconvertability of mass and energy, and 
of electric and magnetic fields, can be used to make the list look shorter. Some might think of the 
conserved quantities energy, momentum, ... bottomness as properties of matter, rather than as 
things with their own existence. The idea of a field is not due to Henry, but rather to Faraday, to 
whom Henry personally demonstrated self-induction. Still the thesis stated in the question has an 
important germ of truth. Henry precipitated a basic change if he did not cause it. The biggest 
difference between the two lists is that the 1829 list does not include fields and today’s list does. 


The energy stored in the magnetic field of an inductor is proportional to the square of the current. 


Doubling I makes U = ju ? get four times larger. 


The energy stored in a capacitor is proportional to the square of the electric field, and the energy 
stored in an induction coil is proportional to the square of the magnetic field. The capacitor's energy 
is proportional to its capacitance, which depends on its geometry and the dielectric material inside. 
The coil's energy is proportional to its inductance, which depends on its geometry and the core 
material. On the other hand, we can think of Henry's discovery of self-inductance as fundamentally 
new. Before a certain school vacation at the Albany Academy about 1830, one could visualize the 
universe as consisting of only one thing, matter. All the forms of energy then known (kinetic, 
gravitational, elastic, internal, electrical) belonged to chunks of matter. But the energy that 
temporarily maintains a current in a coil after the battery is removed is not energy that belongs to 
any bit of matter. This energy is vastly larger than the kinetic energy of the drifting electrons in the 
wires. This energy belongs to the magnetic field around the coil. Beginning in 1830, Nature has 
forced us to admit that the universe consists of matter and also of fields, massless and invisible, 
known only by their effects. 


The inductance of the series combination of inductor L, and inductor L, is L4 +L, + Mj; , where 
Max is the mutual inductance of the two coils. It can be defined as the emf induced in coil two when 


the current in coil one changes at one ampere per second, due to the magnetic field of coil one 
producing flux through coil two. The coils can be arranged to have large mutual inductance, as by 
winding them onto the same core. The coils can be arranged to have negligible mutual inductance, 
as separate toroids do. 


The mutual inductance of two loops in free space—that is, ignoring the use of cores—is a maximum 
if the loops are coaxial. In this way, the maximum flux of the primary loop will pass through the 
secondary loop, generating the largest possible emf given the changing magnetic field due to the 
first. The mutual inductance is a minimum if the magnetic field of the first coil lies in the plane of the 
second coil, producing no flux through the area the second coil encloses. 


The answer depends on the orientation of the solenoids. If they are coaxial, such as two solenoids 
end-to-end, then there certainty will be mutual induction. If, however, they are oriented in such a 
way that the magnetic field of one coil does not go through turns of the second coil, then there will 
be no mutual induction. Consider the case of two solenoids physically arranged in a "T" formation, 
but still connected electrically in series. The magnetic field lines of the first coil will not produce any 
net flux in the second coil, and thus no mutual induction will be present. 


Q32.14 


Q32.15 


Q32.16 


Q32.17 


Q32.18 
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When the capacitor is fully discharged, the current in the circuit is a maximum. The inductance of 
the coil is making the current continue to flow. At this time the magnetic field of the coil contains all 
the energy that was originally stored in the charged capacitor. The current has just finished 
discharging the capacitor and is proceeding to charge it up again with the opposite polarity. 


The oscillations would eventually decrease, but perhaps with very small damping. The original 
potential energy would be converted to internal energy within the wires. Such a situation 
constitutes an RLC circuit. Remember that a real battery generally contains an internal resistance. 


If R> = , then the oscillator is overdamped—it will not oscillate. If R< E ,then the oscillator is 


underdamped and can go through several cycles of oscillation before the radiated signal falls below 
background noise. 


The condition for critical damping must be investigated to design a circuit for a particular purpose. 
For example, in building a radio receiver, one would want to construct the receiving circuit so that it 
is underdamped. Then it can oscillate in resonance and detect the desired signal. Conversely, when 
designing a probe to measure a changing signal, such free oscillations are undesirable. An electrical 
vibration in the probe would constitute “ringing” of the system, where the probe would measure an 
additional signal—that of the probe itself! In this case, one would want to design a probe that is 
critically damped or overdamped, so that the only signal measured is the one under study. Critical 
damping represents the threshold between underdamping and overdamping. One must know the 
condition for it to meet the design criteria for a project. 


An object cannot exert a net force on itself. An object cannot create momentum out of nothing. A coil 
can induce an emf in itself. When it does so, the actual forces acting on charges in different parts of 
the loop add as vectors to zero. The term electromotive force does not refer to a force, but to a 
voltage. 


SOLUTIONS TO PROBLEMS 


Section 32.1 Self-Inductance 


P32.1 


P32.2 


P32.3 


P32.4 


P32.5 


AT 1.50 A -0.200 A 
At 0.200 s 


=L 


= (3.00 x10% uf E 1.95 x10 V - [19.5 mV 


Treating the telephone cord as a solenoid, we have: 


7 MoN2A _ (42107 T-m/A)(700)* (6.5010 mJ 


-[136 4H |. 
1 0.600 m 
CEN s E a í Tya )- 100 V 
At 0.0100s |1H-A 
L= cA >;= = =| 240 nT-m? | through each turn 
dl d : -3 
Erak =F Lor m Lor (Imax Sinot) = Lela, COS Ot = (10.0 x 10° )(1207)(5.00) cos wt 


Etack = (6.007) cos(120z t) =| (18.8 V)cos(3771) 


242 


P32.6 


P32.7 


P32.8 


P32.9 


P32.10 


*P32.11 
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&€ _ 240x10? V 
(M/At) — 10.0 A/s 
LI (240x10? H)(4.00 A) 


, we have O,=—= 19.2 uT m? |. 
N 500 


-240x10? H. 


From |a| = (=) , we have L- 
At 


N 
From L= Ps 


2 -4 
p HoNZA _ uo (420) (3.00 x 107*) 


-416x10^ H 
0 0.160 
dl dI -e =175« 107 V 
jp ccc -|-0421 A/s 
68 d L A16x104^H A] 
o d zid uus 
ld - L5. = (90.0 10 Jeet -6t) V 


(a) At t=1.00s, £=] 360 mV 


(D Att=4.00s,  e-[180 mV 


(c) £- (90.010? )Q1-6)-0 
when t=3.00 s |. 


450 
0.120 


(a | Begg zi Jooo 0 A)=| 188 uT 


(b) ®, = BA =| 3.33 x10 T.m? 


o 
(c) L- ae =| 0.375 mH 
(d) B and ®, are proportional to current; L is independent of current 


2 3 2 
p HoN?A uo 020)" z(5.00 10) 


(a) t 0.0900 


=| 15.8 uH 


2 
(b) a, -"" ©, >L= a 2 = 800(1.58 x10? H)- [126 mH 
Ho : 


We can directly find the self inductance of the solenoid: 


-1. N?A 
gaan Prin ck oar eA L-533x10? Vs/A- Z0 =, 
dt 0.12 s 0 


Here A2z7?, 200 m=N2zr,and (- N(10? m). Eliminating extra unknowns step by step, we have 
8 p by step 


533x10? Vs/A =Ë 


oN? ar? ugN?z ( 200 m ? 1940 000 m? 107(40 000 m^JTm 
£ t4 2xN "m l A 
|. 4x10 ° WbmA 


533x10 AVs - 
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2 
P32.12 p- NPs _ NBA NA HNI UoN A 
I I 2zxR 2aR 
FIG. P32.12 
P3243  ez-z "--L a 
dt 
dl - - 5o erg 
: 2 £g -e _ dq 
If we require I—0 as t œ, the solutionis I=—-e “ =— 
kL dt 
TE E E 
= | Idt = [9e "dt - - 70 PEA 
Section 32.2 RL Circuits 
P3214 I=Ž(1-e t); 0900 £= 2i- e560 251] 
R R R 
R(3.00 
xp 2 RNS) | 265100 
2.50 H 
R= POM In10.0 =| 1.92 Q 
3.00 s 
«1 - gu 
P32.15 (a) At time t, I(t)= F 
where T= = =0.200 s. 
el-e” 
After a long time, Tu z ) = 
" qi — 7 t/0.200 i 
At I(t) = 0.5001 nax (0.500) a = FIG. P32.15 


(b) 


so 


Isolating the constants on the right, 


and solving for t, 


or 


Similarly, to reach 90% of I 


max / 


and 


Thus, 


0.500 = 1—e7 1/9200 s 
In(o 1/0299 5) = In(0.500) 
7 t 
0.200 s 
t=| 0.139 s |. 


= —0.693 


0.900 =1 - e7/* 
t = -rln(1- 0.900). 
t = -(0.200 s)In(0.100) = 


0.461 s |. 
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P3216 Taking r=—, I- Le: a. 1e"(-4) 


L 
R T 


IR+L £ =0 will be true if IgRe + L( Ipe” YX- 2) =0. 
T 


Because T= 


x 
P32.17 (a) T= 2 = 2.00x 10 s=] 2.00 ms "g 


(b) I= Imal- )= (ims t — e 0259200) =[ 0.176 A ] 


, we have agreement with 0-0. 


aine 


4.00 Q 


e 600V [zv 


ae FIG. P32.17 
(d) 0.800 = 1—e 7/299 ms L> ¢ = -(2.00 ms) In(0.200) =| 3.22 ms 


P3218 I -( et = Po ee SUR A 
R 9.00 


AVg = IR = (3.02)(9.00) = 27.2 V 
AV, = £- AVg =120 - 27.2 = [92.8 V 


P32.19 Note: It may not be correct to call the voltage or emf across a coil a “potential | ]p----- E/R 
difference." Electric potential can only be defined for a conservative electric 
field, and not for the electric field around an inductor. 
(a) AVg = IR = (8.00 Q)(2.00 A) 2 16.0 V 


and AV, =£- AV, 2360 V -160 V 2200 V . (=a ae 


AV, 160V | 
AV, 200V — 


Therefore, 0.800 |. FIG. P32.19 


(b) AV} = IR = (4.50 A)(8.00 Q) = 36.0 V 


AV, =€—-AVp =| 0 


P32.20 After along time, 12.0 V = (0.200 A)R . Thus, R=60.0 O. Now, c -x gives 


L= tR =(5.00x10* s)(60.0 V/A) - [30.0 mH |. 


P3221  I-L,4(1- e): deo us (1) 
dt T 
prb HE edu ps gef ampi, CE 
R 3000 d L R 
(a) pij tc A OSCAR 
dt L L 150H 


(b) t=150s: onset = (6.67 A/s)e 150/0390 — (6.67 A/s)e*™ =| 0.332 A/s 


P32.22 


P32.23 


P32.24 


P32.25 
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zal B et) < 0980-1 e ? 0107/7 s nE 
0.0200 = g 99107 / € L 3 
3 
pos e A Sy orci == 


In(0.020 0) 
L FIG. P32.22 
rou L = t R =(7.67 x 10*)(10.0) =| 7.67 mH 
Name the currents as shown. By Kirchhoff's laws: 4.00 Q 8.00 Q 
Ij ed (1) 
+10.0 V — 4.001, — 4.001, =0 (2) 
dl, 
+10.0 V - 4001, ~ 8.001; ~(1.00)=3.=0 (3) 
From (1) and (2), 410.0 — 4.001, — 4.001, + 4.001, =0 FIG. P32.23 
and 1; 20.5001, +1.25 A. 


Then (3) becomes 10.0 V — 4.00(0.5001, + 1.25 A) - 8.001, — (1.00) T - 


(1.00 mZ) + (10.0 Q)I4 =5.00 V . 


We solve the differential equation using Equations 32.6 and 32.7: 


NT «( .00 V fee -(10.0 Q)t/1.00 sJ- (0.500 aji = gm 


10.0 Q 
I; 2125 «0.5001, =| 1.50 A - (0.250 A)e- s 


L j 
(a) Using Fe RC 5, we get Re |== | a = 1.00 x 10° o - [1.00 KO |. 


3.00x10 " F 


(b) r = RC - (10010? Q)(3.00 x10 F)- 3.0010? s- [3.00 ms 


For t <0, the current in the inductor is | zero |. At t=0, it starts to I)» 
10.0A 
grow from zero toward 10.0 A with time constant ba 
us 
zd ON aoe i= 
R (1000) 
100 10.0 
For 0<t< 200 us, I= L, (17e *]-. (10.0 A)(1- 21°") |. 9h um. 
= = _ 972.00) _ 
At t= 200 ps, 1- (10.00 A)(1-e*)=8.65 A . TETE 


Thereafter, it decays exponentially as T= Ige '/* , so for t > 200 us, 


I - (8.65 A)e- 10 000 (1-200 us)s _ = (8.65 A)e-10 000#/s+2.00 =(8. 65¢2:00 Ale -10000/s _ | (63,9 A Jg-10000t/s 


246 Inductance 


€ 120V A S 
P32.26 (a [=== =| 1.00 A 
(a) R 1200 | M B 
12.0 1200 2.00 
(b) Initial current is 1.00 A: AV; = (1.00 A)(12.00 Q) - [12.0 V a go H 
AW 
AV, 20 = (1.00 A)(1 200 Q) =] 1.20 kV 12.0 Q 
AV, =| 1.21 kV |. FIG. P32.26 
dl R 
T= 5: Sele NI 
(c) max dt max L 
and -L a = AV, = IS Re Rl". 
Solving 12.0 V - (1212 V)e 172/209 
so 9.90 x10? = e $06. 
Thus, t=7.62 ms |. 
ArNB 
P32.27 T= 2 = ee = 28.6 ms 
R 4.90 
fees UV und € L 
R 4900 
@ — I-l(1-e*) — so — 0.220=1.22(1- e") i 
e" =0.820: t =—rIn(0.820) =| 5.66 ms 
FIG. P32.27 
(b) E e919) = (1.22 A1— 6799) = [122 A 
(c) T=Tnmax and 0.160 = 1.22e"!/” 
SO t = —r1n(0.131) =| 58.1 ms |. 
; ; dI. 
P32.28 (a) For a series connection, both inductors carry equal currents at every instant, so E is the 
same for both. The voltage across the pair is 
di , dl , di 
beg Gh tla so Leq = Ly + Ly 
dl 
(b) E: 2 Li 25 L, E AV, where I=]; +I, and Ur MN 
1 dt dt dt dt dt dt 
Thus, AeA + AVI and e. = da Es . 
eq Lı Ly Leg Li Ly 
dl dl dl 
(c) iu uu pred tle RRs 


dl re . . . 
Now I and PA are separate quantities under our control, so functional equality requires 


both | Leq = L1 +L, and Reg = Ry +R, |. 


continued on next page 


dl dl dl 
AV -L m +R =L, a +R,I, where I=]; +I, and di 


jo Auc 


e 


We may choose to keep the currents constant in time. Then, 


We may choose to make the current swing through 0. Then, 


Chapter 32 
dl _ dl, di 
dt dt 
zc ee 
Req R R5 
1 1 1 
——-——-— 
Leq Lı L; 


all other currents as well. 


This equivalent coil with resistance will be equivalent to the pair of real inductors for 


Section 32.3 Energy in a Magnetic Field 
No, 200(370x10*) 1.5 1 A 
P3229 L=——2 = = 42.3 mH so U=—LI? = —(0.423 H)(1.75 A)? =| 0.0648] |. 
I 1.75 2 2 
P32.30 (a) The magnetic energy density is given by 
2 450 T)? 
u- B ( ) =| 8.06 x10° J/m? 
2M 2(1.26x 10° T-m/A) 
(b) The magnetic energy stored in the field equals u times the volume of the solenoid (the 
volume in which B is non-zero). 
U=uV = (8.06 x10° J/m? ) (0-260 m)z(0.031 0 m) =| 6.32 kJ 
2 
ud (68.0)"| x(0.600 x10?) | 
P32.31 b= = = 8.21 uH 
PIE 0.080 0 " 


P32.32 


*P32.34 


U= sur - -(821x10* H)(0.770 A)’ =[ 2.44 jJ 


(a) 


(b) 


u 


oo 


J 


0 


1 
2 


2 2 2 
1 L= 1 if E ) i Le _ (0.800)(500) -[278] 


u- 2 2 
2 \2R 8R 8(30.0) 
I- fal - E so Æ- fal - e no, e Dt 2 
R 2R AR 2 
Kino so pap MOT be 18.5 ms 
L R 30.0 


EN 3 EUG 3 
=e > =| 442 nJ/m ar 995 4j /m 


e 2L gp = scc = 
2R L 2R 


L7 (Re) --e ten L (e> e) 
0 AR 


2R 
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P32.35 (a) u- zu - 5 (4.00 H)(0.500 A)? U=/ 0.500) 
(b) When the current is 1.00 A, 
Kirchhoff's loop rule reads +22.0 V — (1.00 A)(5.00 Q)- AV, =0. 
Then AV, =17.0V. 5 


The power being stored in the inductor is 
IAV; = (1.00 A)(17.0 V) =) 17.0 W |. 


FIG. P32.35 


(c) 4 = [AV = (0.500 A)(22.0 V) Pf =| 11.0 W 
P32.36 From Equation 32.7, I= HE age L) . 
(a) The maximum current, after a long time t , is I= = =2.00 A. 


At that time, the inductor is fully energized and 2? = I(AV) = (2.00 A)(10.0 V) =| 20.0 W |. 


(b) Boq = IÊR = (2.00 A^ (5.00 Q) 2| 20.0 W 


(c) Rnductor = 1 (AVarop) =| 0 
? (10.0 H)(2.00 A 
(d) usto X Eg 20.0 J 
2 2 
E* B? 
P32.37  Wehave u =e, — and u-——. 
2 2p 
2 2 
Therefore €o Ec e so B? =€) 4E’ 
2 Aug 


6.80 x10” V/m = 
B =E, f€ My = =| 2.27x10° T |. 
? 7/0 7300x105 m/s 


p? 
P32.38 The total magnetic energy is the volume integral of the energy density, u = EU 


ma 
" ! RY Bl YRY 
Because B changes with position, u is not constant. For B-By| — | , u- cu eue 
r Ho Af 


Next, we set up an expression for the magnetic energy in a spherical shell of radius r and thickness 

dr. Such a shell has a volume 4zr?dr , so the energy stored in it is 

27 BI RÀ dr 
Ho 9 

We integrate this expression for r =R to r =œ to obtain the total magnetic energy outside the 

sphere. This gives 


y [22888 |. 22 (500107 T) (6.00 10° m}? 
Ho (1.26x10® T-m/A) 


dU = u(4zr7dr) | 
r 


2.70 x 1078 J |. 


Chapter 32 249 


Section 32.4 Mutual Inductance 


P32.39 


P32.40 


P32.41 


P32.42 


P32.43 


I, (f) = Imaxe ^ sinet with 14,4, =5.00 A, æ =0.0250 s! , and @=377 rad/s 


ate Ipae “'(-asinat+@cosat). 
At t=0.800 s, A = (5.00 A/s)e "?" [-(0.025 0) sin(0.800(377)) + 377 cos(0.800(377))] 
dh _ 185x103 A/s. 
dt 
Thus, =e Sty yes = 1990 V. ame |. 
dt dl, /dt 185x10° A/s 
dl, -4 4 
€, = -M+ = -(1.00 x10 H)(1.00 x 10* A/s)cos(1 0007) 
dt 
(£2) max =| 100 V 
_| £3 |_ 96.0mV _ 800 mH 
dl, /dt| 1.20 A/s 


Assume the long wire carries current I. Then the magnitude of the magnetic field it generates at 


I 
distance x from the wire is B = um , and this field passes perpendicularly through the plane of the 
TX 


loop. The flux through the loop is 


1 
Dp = [B-dA = | BdA = [B(itx) = #2 


70 mm 

j I4 ; 

dx Mg “Inf 1.70 J 
0.400 mm 


x | 2m 0.400 


The mutual inductance between the wire and the loop is then 


-7 -3 

Mz N50, A N»5uglt 1.70 - Nz uot (1.45) = (47 x10 T-m/A)(2.70 x10 m) 
li 241 | 40.400 2a 2a 

M -781x10 7? H=| 781 pH 


(145) 


Nye,  700(90.0x10*) 


a M 
(a) I, 3.50 


=| 18.0 mH 


©, 400(300 x10“) 
la 3.50 


(b) L,- =| 34.3 mH 


dl, 
(c) poi -(18.0 mH)(0.500 A/s) - 


250 


*P32.44 


P32.45 


Inductance 


The large coil produces this field at the center of the small coil: 


Ny Hol Ri 
2(x? + R7) 


3/2 


the area of the small coil and nearly uniform over this area, so it produces flux 


Ni Mol Ri 
a(x? + RP)” 


emf induced in the small coil: 


Oy = 


^ * dt a(x? A 2n a(x? eRe) ? dt 


With I =I, +1,, the voltage across the pair is: 


A2: q% m- p, d "LM L, dl 
dt dt dt dt 3 dt 


d AV M dl; 


So, 
M(AV : 
and E5 2 ( p MU Ry 
2 d 2 
(-L,L, +M?) ap 7 AV (Li -M) 
AV M dl 
By substitution, dl; + 1 
2 dl, 
leads to (-L,L,+M Jae AV(L; - M). 


58 i AV | LL;-M? 
: ^  di/d | Ly+L,-2M 


Section 32.5 Oscillations in an LC Circuit 


P32.46 


d N,ugR2z R2 ) NQN5zugRIR dh _ 


. The field is normal to 


z R2 through the face area of the small coil. When current I, varies, this is the 


M= N N3 7HoR RÀ 
3/2 
2(x? + R7) ; 
I(t)— I(t)— 
Ly f Lı => Leg - 
FIG. P32.45 


At different times, (Uc)... = (Uz ) may so [cav] = (zn) 


2 


[e [100x105 F 
I = ,/—(AV = 40.0 V) =| 0.400 A |. 
max L ( Mri 10.0 x 10° m ) 


[1] 


[2] 


P32.47 


P32.48 


P32.49 


P32.50 


P32.51 


P32.52 


0x10? H 
| zcv? = (Fur) so (AVe) = aoe zo ee =—( 
2 max 2 max mers C 0.500 x 10 F 
When the switch has been closed for a long time, battery, resistor, and 


coil carry constant current I 


E = . When the switch is opened, 


current in battery and resistor drops to zero, but the coil carries this 
same current for a moment as oscillations begin in the LC loop. 


We interpret the problem to mean that the voltage amplitude of these 


oscillations is AV , in cav) = DUM 


 C(AV? _ C(AV)?R? (050010* F)(150 V)*(250 Q) - 
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0.100 A) = 20.0 V 


FIG. P32.50 


Then, L 


0.281 H |. 


ER e? (50.0 V)? 


This radio is a radiotelephone on a ship, according to frequency assignments made by international 
treaties, laws, and decisions of the National Telecommunications and Information Administration. 


1 
The resonance frequency is =— 
q y fo NTa 
Thus, C= I == 1 2 =| 608 pF |. 
(27 fo) L [22(6.30 x 10° Hz) (105x105 H) 
See L= 2- = x. -[0.220H 
2nVLC (2«f)'C [2z(120)] (8.00 x10 5) 

(a) fs : - [135 Hz 

244LC — 2. (0.0820 H)(17.0 x10 F) 
(b) Q =Q max cost = (180 wC)cos(847 x 0.00100) 2 | 119 uC 

dQ , 
(c) I= P W Q max Sin Æ t = -(847)(180)sin(0.847) =| -114 mA 

1 1 10.0 Q 0.100 H 

(a) f= = =| 503 Hz A 

2aVvLC 27: (0.100 H)(1.00 x10% F) l 

12.0 1.00 
(b) Q=Ce=(1.00x 10 FJ120 V) - [120 4C Y uF 
Ian 1,72 

(c) pee = z imax FIG. P32.52 


-6 
Las «ten vi SIUE IA 
L 0.100 H 


(d)  Atall times U=Ce - - (100105 F)(12.0 v)* =[ 72.0 4] |. 


t 
2 
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P3258  o--l.- : -1.899x10^ rad/s 
VLC MEET H)(840 x107? F) 
Q=Qmax cosot, 1-2. —0 Q max Sina t 
2 
» ([105 x 10-*]cos|(1.899x 10* rad/s)(2.00 x 10 sJ] 
DET =| 6.03 
() — Uc M 05] 
2C 2(840 x 107) 
2 +2 
sin t 
(bs) Uu, EU = 510s sin? (oi) = Pme 00) 
(105105 c) sin^[(1899 x 10* rad/s (2.0010? s) 
U; = -[0529] 
2(840 x10"? F) 
(c) U total z Uc T U, =| 6.56 J 
Section 32.6 The RLC Circuit 


=1.58x10* rad/s 


2 
P32.54 (a) Oj : R ) = : it A 
LC \2L (220x10?(180x10*) [ 2(2.20 x10) 
Therefore,  f4= 24 [251 KHz |. 
21 
[AL 
(b) R. = P 69.9 Q 
1 1 
P32.55 (a) Oo = = =| 4.47 krad/s 
VLC J(0500((0-100 x10) 
(b) o) ! R j =| 4.36 krad/s 
PONTE CUAL i 
(Q 2% [253% lower 
@o 
P32.56 Choose to call positive current clockwise in Figure 32.21. It drains charge from the capacitor 
according to I=- 4 . A clockwise trip around the circuit then gives 
+ Q IR-L d c 0 
C dt 


2 Mri 4 LUN 
C dt dt dt 


, identical with Equation 32.28. 
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2 
*P32.57 The period of damped oscillation is T = <* | After one oscillation the charge returning to the 
q 
capacitor is Q = Qmaxe "7" = Qmaxe 773a | The energy is proportional to the charge squared, so 
after one oscillation it is U = Uze ?7*/"" =0.99U, . Then 


e27R/Log = 1 
0.99 


272.9 (10101) = 0.001 005 
Lo, 
2 \1/2 
loge a EN 
0.001 005 LC 4L 
2:7 
1563x106 o? = L0.) 
C 4 

L 6 42 
—-1563x105 Q 

G 
We are also given 
9 -2zx10?/s- —— 

Qu = Bog 

(22x10? /5) 


Solving simultaneously, 
C-2.583x10? s?/L 
12 
2.533 x 105 s? 
2.533 x10% s? 


=1.563 x10 Q? | L=0.199 H 


=| 127 nF=C 
0.199 H L 
P32.58 (a) Q-Q,e P". coso,t so Ieee RUE 
-RI/2L Rt 
0.500 =e and — = - ]n(0.500) 
2L 
p= — A In(0.500) = oce =) 
R R 
(b U,«Q2,, and U - 0.500, so Q = V0.500Q pax = 0.707Q rax 


t= - > In(0707) - 0347 =] (half as long) 
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Additional Problems 


*P32.59 


P32.60 


(a) 


(b) 


(c) 


(d) 


(e) 


Let Q represent the magnitude of the opposite charges on the plates of a parallel plate 
capacitor, the two plates having area A and separation d. The negative plate creates electric 


2 
field E- Q toward itself. It exerts on the positive plate force F = Q 
2 c A 2 € 


toward the 


negative plate. The total field between the plates is 


2 2 
Pee one n 


€o avi 
BAY BeAr 


Q . The energy density is 
& A 


. Modeling this as a negative or inward pressure, we 


2 
have for the force on one plate F = PA = Q 2 
€ 


in agreement with our first analysis. 


The lower of the two current sheets shown creates 


above it magnetic field B = Ho's (k) . Let / and w J 
s 


represent the length and width of each sheet. The y 


upper sheet carries current J w and feels force 
lx x 
n Howl) i j 


vd _ Hols? 
F=1xB = Jaot =" ix(-k) 2 z 


Hals FIG. P32.59(b) 
m 


The force per areais P= EE 
lw 


Between the two sheets the total magnetic field is E ols ( k) PES ols ( k) Mo] k , with 


magnitude | B= uoJ, |. Outside the space they enclose, the fields of the separate sheets are 


in opposite directions and add to | zero |. 


1_p2_ Hols _| Hols 
244p 24o 2 


Ug = 


This energy density agrees with the magnetic pressure found in part (b). 


1 
With Q =Q max at t=0, the charge on the capacitor at any time is Q = Qmax cos@t where ø= JE 
The energy stored in the capacitor at time t is then 
2 
-Q. me ogg? ot =U, cos ot. 
2C 2C 
1 1 1 
When U 2 —Uj,, cos@t=— and ot-—zrad. 
4 2 3 
2 2 
Therefore, ei. 2T Or tog a 
JLC 3 LC 9 
9? 
The inductance is then: L2 |—— 
mC 


P32.61 


P32.62 


P32.63 


P32.64 
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—20.0 mV 


-(10.0 Mv/s*)¢? 


> 
2(1.00 x 105) 2 


(10010? (20.00)*, 


then 100t* > (400 x10? r . The earliest time this is true is at t = ¥4.00 x10~ s =| 63.2 us |. 


dI d(20.0t) 
=-L = -(1.00 mH = 
(a) EL di ( mH) di 
t t 
(b) Q = | Idt = f (20.0t)dt = 10.047 
0 0 
= e 2 
AV. = om ne a 
C 100x10° F 
ME (-10.017)" 
(c) When Q lip , Or 
20779 
dl d 
=-L— =-L—(Kt)=| -LK 
(a) EL di 2. ) 
(b) poe so 
dt 
and 
(c) When =C(AV¢)" ==LI’, 
Thus 
2 2 
Ie ul (2) pin? 
OC QUOC 


The flux through each turn of the coil is 


where N is the number of turns. 


- [at - [Krat = Lg? 
Q= | Idt = | Ktat ;R 


M d 
4CL 
O 2 ft 
N 2N VC 


FIG. P32.64 


pa ZoNI 
227 

(a) " - [BaA eN "T NI [dr — uo NIR m(t) 

B EL 2m T 27 

2 
pL N9s _| HoN "w(*) 
I Ax a 
500) (0.010 0 
patel E hy 29) = 91.2 uH 
T : 

(à po LAN? (4)- 4o(500)* ( 2.00x107* m?) _ 

PPS O 2g AR Qn 0.110 


90.9 uH |, only 0.3% different. 
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2 
P32.65 (a) At the center, B- Bas 327 Nugi ; 
2(R? +0?) 2 
So the coil creates flux through itself ^ b = BA cos 0 = Nul. R2 cos0°= S NusIR : 
d® 
When the current it carries changes, | £j = -N — = n{ Z Nan pt 
dt 2 dt dt 
so Ls ZN? mR]. 
2 
(b) Azar =3(0.3 m) SO r~0.14m 
Le 2) x107 T-m/AJ(0.14 m) - 28107 H 
L~100 nH 
28x107 V.s/A 
(c) i. ADI CS duke. | aaa 
R 270 V/A R 
P32.66 (a) If unrolled, the wire forms the diagonal of a 
0.100 m (10.0 cm) rectangle as shown. The length of E uu 80m 0.100 m 
this rectangle is 
= (9.80 m)? - (0.100 m)? E LR 
FIG. P32.66(a) 
The mean circumference of each turn is C = 2zr' , where r' = IAM mm is the mean 
radius of each turn. The number of turns is then: 
L' — (980 m)? - (0.100 m)? = 
«C Qal(24.0+0.644)/2]x 10% m - l 
1.70 x10 O-mJ(10.0 m) 
(b) .& i | z =| 0.522 Q 
^ x(0.322x10 m) 
2 AV 
(9 a uN^A 8004, k ) ar’? 
f£f' NC 


| 800 (410 7) | (9.80 m)? — (0.100 m)? 


0.100 m 


L-7.68x10? H =| 76.8 mH 


z(24.0 0.644) x10? m 


2 
24.0 + 2e gs m] 


4 


P32.67 


P32.68 
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From Ampere’s law, the magnetic field at distance r < R is found as: 


nar) fer) u er er ),or r B= T 


The magnetic energy per unit length within the wire is then 


u 


R p2 4 2 
B s R Hol 
"As sug qeni) afra ?d 0 | IE 0 


4 16x 


This is independent of the radius of the wire. 


The primary circuit (containing the battery and solenoid) is an RL : 24.0 Q 
circuit with R = 14.0 Q , and 820 turns 

24 (4r x107 (12500) (1.00 x10% 
LA^. f JO lese Su 

L 0.070 0 0Q 
I 0 12500 

(a) The time for the current to reach 63.2% of the maximum value turns 

is the time constant of the circuit: 

card = 0.0200 s =| 20.0 ms |. 
R 1400 
m" " 1, -0 FIG. P32.68 
(b) The solenoid's average back emf is [e; | -L =L 
At At 
where I; =0.632I max = o x i os uy =271A. 
R 14.0 Q 
Thus, |, |- (0.280 Hy) 2714 .|- [375 v]. 
0.020 0 s 

(c) The average rate of change of flux through each turn of the overwrapped concentric coil is 

the same as that through a turn on the solenoid: 

A, un(AIA (47x107 T-m/AJ(12500/00700 m)(2.71 A)(1.00 x10 m?) 

ee WEE 0.020 0 s 
=| 3.04 mV 
m AD; ; 

(d) The magnitude of the average induced emf in the coil is lez] =N "AN. and magnitude of 


the average induced current is 


(3.04 x10? V)- 0.104 A= 104 mA |. 


R R\ At 24.0 Q 


n: lei] - x(t2:)- 820 
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P32.69 Left-hand loop: é—(I+1,)R,—1,R, =0. YN di 
1 
a | 
Outside loop: -(I*IR,-L—-0. 
E SURGIR dt E R, L 
Em : dl 
Eliminating I, gives  e'—- IR'-L 3^ 0. 
This is of the same form as Equation 32.6, so its solution is of the same FIG. P32.69 
form as Equation 32.7: 
OR a -RL 
I(t) = mal gh). 
; R,/(R, +R 
a ees and e'- foe , SO NES 2/( 1 2) $ ; 
R, +R, R, +R, R'ORQSQ/(R;-R; R 
_ © (4 _ -R/L 
Thus I(t)= R, (1 e ) A 


P32.70 | When switch is closed, steady current Ij = 1.20 A. When the switch is 
opened after being closed a long time, the current in the right loop is 


I= Ige Rt! 
so gu lo and BE = : 
I L I 
FIG. P32.70 
1.00 OY(0.150 
THE: TORE cec X0150s) _ 9.0956 H - [956 mH]. 
In(Ig/I)  In(120 A/0.250 A) 


P32.71 (a) While steady-state conditions exist, a 9.00 mA flows clockwise around the right loop of the 
circuit. Immediately after the switch is opened, a 9.00 mA current will flow around the outer 
loop of the circuit. Applying Kirchhoff's loop rule to this loop gives: 


+£ —[(2.00 + 6.00) x 10° o (9.00x10? A)=0 


+£ =| 72.0 V with end b at the higher potential 


(b) (mA) 
I (mA) Current in 
10 a 
Hus) 
5 
E Tus Current in 
OER sot 100-4 -10 Ry 
FIG. P32.71(b) 
(c) After the switch is opened, the current around the outer loop decays as 


T=I nae” with Imax 29.00 mA, R=8.00 kQ, and L=0.400H. 


Thus, when the current has reached a value I = 2.00 mA, the elapsed time is: 


ZEE ae Jin( $20) =7.52%10° s= 75.2 us |. 
R I 8.00x10? Q) 2.00 
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P32.72 (a) The instant after the switch is closed, the situation 
is as shown in the circuit diagram of Figure (a). The 
requested quantities are: 


I; =0, Ic - 2, R=2 


AV, = £y, AVe - 0, AVg = £g 


(b) After the switch has been closed a long time, the 
steady-state conditions shown in Figure (b) will 
exist. The currents and voltages are: 


Ij =0, Ic =0, Ip =0 


AV; =0, AVc = £0; AVę =0 


Figure (b) 
FIG. P32.72 


P32.73 When the switch is closed, as shown in 
figure (a), the current in the inductor is I: 


12.0 - 7.50] -10.020 120.267 A. 


When the switch is opened, the initial 
current in the inductor remains at 0.267 A. 


IR=AV: (0.267 A)R < 80.0 V 


R<300 Q 


FIG. P32.73 


ae uoNZA _ (4107 T-m/A)(1000)° (100 10* m?) 


P3274 (a) -251x10 * H =| 251 uH 
A 0.500 m 
œ) m-N2@2 N29: _ NBA Nia (Ni/^)h]A oN \NoA 
L L L L & 
(45107 T-m/A)(1000)(100)(1.00 x 10* m?) : 
- -251x10? H - | 25.1 uH 
0.500 m 
d dl 
(c) jm E o LR; =- 25 and = Qi _ as 
dt dt dt — R, dt 
t 
Mt M M ML; 
Qi dl; I, lj = (0 Iz) = 
Ry J Ry ( ) Ry Ry 


(25110? H)(1.00 A) 
10000 


=2.51x10° C=] 25.1 nC 


17 
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P32.75 (a) It has a magnetic field, and it stores energy, so L = E is non-zero. 
(b) Every field line goes through the rectangle between the conductors. 
w-a 
(c) Gurus set [Baa 
I I7 
y-a 
on LEN I 2 7 
L-1 [xy Ho -2 fo ay ing} 
ee 27y me (w-y) 2 y 
Thus p= ty ( 9-5). 
m a 
P32.76 For an RL circuit, 
I(t - 
I(t) 2 I,,,0 O: JD 4249? 2 600 a4. R, 
Lix L 
3.14x 10° 10? 
Rige so Rmax = | I =| 3.97x10" Q 


(2.50 yr)(3.16 x10” s/yr) 


(If the ring were of purest copper, of diameter 1 cm, and cross-sectional area 1 mm? , its resistance 
would be at least 10° Q). 


2 
P32.77 (a) Us = ju - 5 (500 H)(50.0 x 10? A) =| 6.25 x10" J 
(b) Two adjacent turns are parallel wires carrying current in the same direction. Since the loops 
have such large radius, a one-meter section can be regarded as straight. 
] : Hol 
Then one wire creates a field of B=——. 
2zr 


This causes a force on the next wire of F=I¢Bsin@ 


I er’ 
giving F = 1t 0^ gin goo = "2 
207 2mr 


(1.00 m)(50.0 x10? A)’ 
22(0.250 m) 


2000 N |. 


Evaluating the force, F- (47 x107 N/ A?) 


P32.78 


P=IAV 


I 
From Ampere'slaw, B(27r)= Uplencoseq OF B= Eu 


(a) 


(b) 


(c) 


(d) 
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9. 100x10 W 


3 
- = =5.00x 10° A 
AV 200x10° V 


enclosed 
Azr 


At r=a=0.0200m, — [onctoseq = 5-00 x 10° A 


FIG. P32.73 
(47x 10-7 T-m/A)(5.00 x 10° A) 
and B= = 0.0500 T=[50.0 mT |. 
22(0.020 0 m) 
Atr-b-0.0500m, — Tendoseq =T =5.00x10° A 
(47x107 T-m/A)(5.00 x 10° A) 
and B= = 0.0200 T - [20.0 mT |. 


2(0.050 0 m) 


u- fuav - j Cees) E pol tf ar EB m(t) 
; 24o 4m TF 4r a 


" (41x107 T-myA}(5.00x10° A) (100010? m) (2m cm 


= 2.29 x 10° J=] 2.29 MJ 
4r 2.00 cm 


The magnetic field created by the inner conductor exerts a force of repulsion on the current 
in the outer sheath. The strength of this field, from part (b), is 20.0 mT. Consider a small 
rectangular section of the outer cylinder of length ¢ and width w. 


It carries a current of (5.00 x 10? "toas 
ZU. m 


and experiences an outward force 
(5.00 x10? A Jw 


F-I/Bsinü- 
22(0.050 0 m) 


«20.0 x10? T) sin 90.0? . 


p r (500x109 AJ(200x10? T) 


The pressure on itis P-—-——- =| 318 Pa |. 
A wf 27(0.050 0 m) 
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(47x107 T-m/A)(1400)(2.00 A) - 


i ud. 2.93 x10? T (upward) 


£ 1.20 m 
2 
2 293x10? T l B 
(b) T S l ) =(3.42 ym (ER) -342 N/m? - [3.42 Pa 
2mo 247x107 T-m/A) 1J 
(c) To produce a downward magnetic field, the surface of the superconductor must carry a 


clockwise | current. 


(d) The vertical component of the field of the solenoid exerts an inward force on the 
superconductor. The total horizontal force is zero. Over the top end of the solenoid, its field 
diverges and has a radially outward horizontal component. This component exerts upward 
force on the clockwise superconductor current. The total force on the core is | upward |. You 


can think of it as a force of repulsion between the solenoid with its north end pointing up, 
and the core, with its north end pointing down. 


e F = PA = (3.42 Pa a(110 x102 my =| 1.30 x10 N 
(e) ( IE: 


Note that we have not proven that energy density is pressure. In fact, it is not in some cases; 
Equation 21.2 shows that the pressure is two-thirds of the translational energy density in an 
ideal gas. 


ANSWERS TO EVEN PROBLEMS 


P32.2 


P32.4 


P32.6 


P32.8 


P32.10 


P32.12 


P32.14 


P32.16 


P32.18 


P32.20 


P32.22 


P32.24 


1.36 uH P32.26 (a) 1.00 A; (b) AV; 2120 V, 
240 nWb 7.62 ms 
19.2 uWb P32.28 (a), (b), and (c) see the solution; 


(d) yes; see the solution 
a) 360 mV; 180 mV; (c) £23.00s 
@) ©) ©) P32.30 (a) 8.06 MJ/m? ; (b) 6.32 KJ 


15.8 uH ; (b) 12.6 mH 
(a) uH; (b) m P3232 (a) 27.8 J; (b) 18.5 ms 


see the solution P32.34 see the solution 
1920 P32.36 (a) 20.0 W; (b) 20.0 W; (c) 0;(d) 20.0 J 
the soluti 2z BAR? 

A Rc er pa238  4770^ 270x10% J 
92.8 V d 

P32.40  100V 
30.0 mH 

P3242 781 pH 
7.67 mH 

N(N4zugR2R2 

(a) 1.00 kO; (b) 3.00 ms P3244 M= a 


a(x? +R) 


P32.46 


P32.48 


P32.50 


P32.52 


P32.54 


P32.56 


P32.58 


P32.60 


P32.62 


400 mA 
281 mH 
220 mH 


(a) 503 Hz; (b) 12.0 uC; (c) 37.9 mA; 
(d) 72.0 uj 


(a) 2.51 kHz; (b) 69.9 Q 


see the solution 


2L 2L 
(a) oe =); (b) 0347 =| 


94? 
nC 
-Kt? 
=-LK; (b) AV, 2 ——; 
(a) £z (b) AV, 2C 


(c) t=2VLC 


P32.64 


P32.66 


P32.68 


P32.70 


P32.72 


P32.74 


P32.76 


P32.78 
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(a) see the solution; (b) 91.2 uH; 
(c) 90.9 uH , 0.3% smaller 


(a) 127; (b) 0.522 Q; (c) 76.8 mH 


(a) 20.0 ms; (b) 37.9 V; (c) 3.04 mV; 
(d) 104 mA 


95.6 mH 


€ € 
a) I; 20, Ic 2, I 279, 
(a) 1, -0, 1c - 2, 1, - 2 
AV; = €0, AVc =0, AVR = Eo; 
(b) I; =0, Ic =0, Ip =0, 
AV, =0, AVc = £0, AVp =0 


(a) 251 uH ; (b) 25.1 uH ; (c) 25.1 nC 
3.97x107? Q 


(a) 50.0 mT; (b) 20.0 mT; (c) 2.29 MJ; 
(d) 318 Pa 
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Alternating Current Circuits 


CHARTER OUTEINE ANSWERS TO QUESTIONS 
33.1 AC Sources 
33.2 Resistors in an AC Circuit Q33.1 If the current is positive half the time and negative half the 
33.3 Inductors in an AC Circuit time, the average current can be zero. The rms current is not 
33.4  Capacitors in an AC Circuit B : lof th: l fth h ll 
33.5 The RLC Series Circuit zero. By squaring all of the values of the current, they a 
33.6 Power in an AC Circuit become positive. The average (mean) of these positive values is 
33.7 Resonance in a Series also positive, as is the square root of the average. 
RLC Circuit 
33.8 The Transformer and Power AV. AV. 
Transmission Q33.2 AV og z 2 1 Vans = m. 
33.9 Rectifiers and Filters 2 
Q33.3 AC ammeters and voltmeters read rms values. With an 
oscilloscope you can read a maximum voltage, or test whether 
the average is zero. 
Q33.4 Suppose the voltage across an inductor varies sinusoidally. 


Then the current in the inductor will have its instantaneous 


peak positive value - cycle after the voltage peaks. The voltage 


is zero and going positive t cycle (90°) before the current is 


zero and going positive. 


Q33.5 


If itis run directly from the electric line, a fluorescent light tube can dim considerably twice in every 
cycle of the AC current that drives it. Looking at one sinusoidal cycle, the voltage passes through 
zero twice. We don't notice the flickering due to a phenomenon called retinal imaging. We do not 
notice that the lights turn on and off since our retinas continue to send information to our brains 
after the light has turned off. For example, most TV screens refresh at between 60 to 75 times per 
second, yet we do not see the evening news flickering. Home video cameras record information at 
frequencies as low as 30 frames per second, yet we still see them as continuous action. A vivid 
display of retinal imaging is that persistent purple spot you see after someone has taken a picture of 
you with a flash camera. 


Q33.6 The capacitive reactance is proportional to the inverse of the frequency. At higher and higher 
frequencies, the capacitive reactance approaches zero, making a capacitor behave like a wire. As the 
frequency goes to zero, the capacitive reactance approaches infinity—the resistance of an open 


circuit. 


Q33.7 The second letter in each word stands for the circuit element. For an inductor L, the emf € leads the 
current |—thus ELI. For a capacitor C, the current leads the voltage across the device. In a circuit in 
which the capacitive reactance is larger than the inductive reactance, the current leads the source 


emf—thus ICE. 
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Q33.8 


Q33.9 


Q33.10 


Q33.11 


Q33.12 


Q33.13 


Q33.14 


Q33.15 


Q33.16 


Q33.17 


Q33.18 


The voltages are not added in a scalar form, but in a vector form, as shown in the phasor diagrams 
throughout the chapter. Kirchhoff's loop rule is true at any instant, but the voltages across different 
circuit elements are not simultaneously at their maximum values. Do not forget that an inductor can 
induce an emf in itself and that the voltage across it is 90° ahead of the current in the circuit in phase. 


In an RLC series circuit, the phase angle depends on the source frequency. At very low frequency 


the capacitor dominates the impedance and the phase angle is near —90?. The phase angle is zero at 
the resonance frequency, where the inductive and capacitive reactances are equal. At very high 


frequencies $ approaches +90°. 
-90?x ¢< 90°. The extremes are reached when there is no significant resistance in the circuit. 


The resistance remains unchanged, the inductive resistance doubles, and the capacitive reactance is 
reduced by one half. 


The power factor, as seen in equation 33.29, is the cosine of the phase angle between the current and 
applied voltage. Maximum power will be delivered if AV and I are in phase. If AV and I are 90? out 
of phase, the source voltage drives a net current of zero in each cycle and the average power is zero. 


The person is doing work at a rate of ? = Fucos@. One can consider the emf as the "force" that 
moves the charges through the circuit, and the current as the "speed" of the moving charges. The 
cos @ factor measures the effectiveness of the cause in producing the effect. Theta is an angle in real 
space for the vacuum cleaner and phi is the analogous angle of phase difference between the emf 
and the current in the circuit. 


As mentioned in Question 33.5, lights that are powered by alternating current flicker or get slightly 
brighter and dimmer at twice the frequency of the AC power source. Even if you tried using two 
banks of lights, one driven by AC 180? of phase from the other, you would not have a stable light 
source, but one that exhibits a "ripple" in intensity. 


In 1881, an assassin shot President James Garfield. The bullet was lost in his body. Alexander 
Graham Bell invented the metal detector in an effort to save the President's life. The coil is preserved 
in the Smithsonian Institution. The detector was thrown off by metal springs in Garfield's mattress, a 
new invention itself. Surgeons went hunting for the bullet in the wrong place and Garfield died. 


As seen in Example 33.8, it is far more economical to transmit at high voltage than at low voltage, as 
the I?R loss on the transmission line is significantly lower. Transmitting power at high voltage 
permits the use of step-down transformers to make "low" voltages and high currents available to the 
end user. 


Insulation and safety limit the voltage of a transmission line. For an underground cable, the 
thickness and dielectric strength of the insulation between the conductors determines the maximum 
voltage that can be applied, just as with a capacitor. For an overhead line on towers, the designer 
must consider electrical breakdown of the surrounding air, possible accidents, sparking across the 
insulating supports, ozone production, and inducing voltages in cars, fences, and the roof gutters of 
nearby houses. Nuisance effects include noise, electrical noise, and a prankster lighting a hand-held 
fluorescent tube under the line. 


No. A voltage is only induced in the secondary coil if the flux through the core changes in time. 


Q33.19 


Q33.20 


Q33.21 


Q33.22 
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This person needs to consider the difference between the power delivered by a power plant and 
^R losses in transmission lines. At lower voltages, transmission lines must carry higher currents to 
transmit the same power, as seen in Example 33.8. The high transmitted current at low voltage 
actually results in more internal energy production than a lower current at high voltage. In his 
(av)? 
R 


formula 


, the AV does not represent the line voltage but the potential difference between the 


ends of one conductor. This is very small when the current is small. 


The Q factor determines the selectivity of the radio receiver. For example, a receiver with a very low 
Q factor will respond to a wide range of frequencies and might pick up several adjacent radio 
stations at the same time. To discriminate between 102.5 MHz and 102.7 MHz requires a high-Q 
circuit. Typically, lowering the resistance in the circuit is the way to get a higher quality resonance. 


Both coils are wrapped around the same core so that nearly all of the magnetic flux created by the 
primary passes through the secondary coil, and thus induces current in the secondary when the 
current in the primary changes. 


The frequency of a DC signal is zero, making the capacitive reactance at DC infinite. The capacitor 
then acts as an open switch. An AC signal has a non-zero frequency, and thus the capacitive 
reactance is finite, allowing a signal to pass from Circuit A to Circuit B. 


SOLUTIONS TO PROBLEMS 


Section 33.1 AC Sources 


Section 33.2 Resistors in an AC Circuit 


P33.1 


P33.2 


P33.3 


Av(t) = AV max Sin(@ t) = V2AV ms Sino t) = 20042 sin[2z(1007)]- | (283 V) sin(628t) 


170 V 
AV ms = Es = 120 V 
AV, 120 V)? 
(a) P ( ms) R=! Ov) =| 193 Q 
R 75.0 W 
(120 V)? 
(b) R=-—— =| 1440 
100 W 
Each meter reads the rms value. AVinax = 100 V 
100 V 
AV ans = Xa = 70.7 V 
jo AVas 7027 V 295A 
R 24.0 Q 


FIG. P33.3 
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P33.4 (a) AUg = AV max sinet 
Avg =0.250(AV nax), so sinet = 0.250, or wt = sin ! (0.250). 
The smallest angle for which this is true is œt = 0.253 rad Thus, if t = 0.0100 s, 
godaan 25.3 rad/s |. 
0.0100 s 
(b) The second time when Av; = 0.250(AV max), t = sin ! (0.250) again. For this occurrence, 
ot = z —0.253 rad = 2.89 rad (to understand why this is true, recall the identity 
sin(z — 0) =sin@ from trigonometry). Thus, 
..289rad . 0.114 s |. 
25.3 rad/s 
P33.5 ig =I max sinot becomes 0.600 = sin(@ 0.007 00). 
Thus, (0.007 00)c = sin™ (0.600) = 0.644 
and @=91.9 rad/s = 27 f so f =14.6 Hz |. 
P33.6 $ = lms AV,ms) and AV, =120 V for each bulb (parallel circuit), so: 
KA AV, 
pebas ae DM. oe mana a a ak. 
AVimg 120V L 125A 
pon SY een ene ee cu QE 
AVims 120V I; 0.833 A 
P337 AV ax = 15.0 V and Riya) = 8.20 Q+10.4 Q=18.6 Q 
Tmax = BY mig OY nde AL V2 
Ria 1860 
2 
0.806 A 
Speaker T DRaa | Ja | (10.4 Q) =| 3.38 W 
Section 33.3 — Inductors in an AC Circuit 
Ps For FH 800 may gee 566 mia 
V2 
V, à 
(X), =v = 900 V goi 
mn [pa 0.0566 A 
X; =2a fL>L= XQ, 840 70H 
2xf  2a(20.0) 


P33.9 


P33.10 


P33.11 


P33.12 


P33.13 


100 


a X, max 21330 
(a) LEE RE T 
L- 2 todos 20.0424H =| 42.4 mH 
o  2z(50.0) 
(b) X,- AV mae —. 100. 40.0 Q 
I, 250 


X; 40.0 
= = =| 942 rad/s 
L 42.4 x 10? | 942 rad/s | 


X 
At 50.0 Hz, X; = 2z(50.0 Hz)L = 2z(50.0 Hz) tea ne saul (54.0 Q) 2 45.0 Q 
27(60.0 Hz) ] 60.0 


2 (AV. 
i | AV max. ¥2(AVims) _ ¥2(100 V) -[s3] 


SN S Xx. 450 Q 


J | (80.0 V) sin[(65.077)(0.015 5) - z/2] 


i, (t) - AV max sin{ of 2 
oL 2 (65.0 rad/s (70.0 10? H) 


i, (t) 2 (5.60 A)sin(1.59 rad) =| 5.60 A 


@ — 2n f = 22(60.0/s) = 377 rad/s 


X, = oL - (377/5 (0.0200 V-s/A)=7.54Q 
AVims _ 120 V 


I ms 15.9 A 
m èë X, 7540 
Lmax 7 V2I ms = V2(15.9 A) = 225 A 


2n(60.0) 1s. 


i(t) =I in@t=(22.5 A)si 
i(t) = Imax Sina t = ( zi 180 


| = (22.5 A)sin120°=19.5 A 


u- ju - (0.020 0 V-s/A)(19.5 A)? =[ 3.80 J 


L 


T" ON2I(AV, mms) — 120 V-s Soe J )- 0.450 T-m? 
B, max Qn f V27(60.0) ; J V.C 
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Section 33.4 Capacitors in an AC Circuit 


1 1 
P3314 (a z : «1750 
i © 2afC' 2a f(22.0 x10) 
: f F> 413 Hz 


< 
2n(2.0 x 10% (175) 


(b) Xe 2 so X(44) = 5 X(22) : [Xc <875 Q 


V2AVims) ey efc 
Xc 


(a) Lmax = V2(120 V)2æ(60.0/s)(2.20 x10% C/V) = 
(b) Tmax = V2(240 V)2(50.0/s)(2.20 x 10° F) = 


P3316 Qmax = C(AV max) = C[V2(AV ims )] = V2C(AV ms) 


P33.15 ina, =V 2D ms = 


P33.17 Imax = (AVmax)@C = (480 V)(22)(90.0 s*)(3.70 x10% F)=[100 mA 


P3318 — X, --l.- : : -2650 
eC 2a(600/s(100x10? C/V) 
vc (t) = AV, sino t, to be zero at t=0 


AV, 
ic =u sin(wt + 4) = UNT 
C . 


2(120 V 4 
y LE F 4 «S = (64.0 A)sin(120°+90.0°) =| 32.0 A 
S 


Section 33.5 The RLC Series Circuit 


P33.19 (à ^ X,-oL-2z(500)400x10?)-126 Q 400 mH 
Mees 1 =719 Q I 500 4.43 
oC 2a(50.0)(4.43 x 10°) Hz uF 
. 500 Q 
Z - R3 « (x, - Xc. = 500? + (126 719 =776 0 
AV max = LmaxZ = (250 x10? 776) - [ 194 V FIG. P33.19 


(b) ó-tan'! A -že ) E a (2578) =| —49.9° |. Thus, the | Current leads the voltage. 


1 1 1 
eC ^^ JEC (67.0 x10-*\(57.0 x10) 


f=— =| 2.79 kHz 


-175x10^ rad/s 


P33.21 


P33.22 


P33.23 


*P33.24 


(9 X, =@L =22(50.0 s*\(250x 10° H)=[785 © 


b) Xc= Z- [27(50.0 s')(2.00 x10% JE -[159 ka 
() | Z- JR. +(X, - Xc)” =[152 KQ 

O Imax = Iz E = S Tig bestias 

(e) ó- tan-t| >] tan ! (-10.1) =| -84.3° 


(@) — Ze4R! «(X; - Xc} = J680? + (16 
X, = oL = (100(0.160) 216.0 Q 
1 1 


0-101)? - 


kan- -1010 
© eC  (100)(99.0 x10) 
Gy du mee SOON TA 
Z 100 


È Gage X; -Xc E 16.0 — 101 
R 68.0 


$ = —0.896 rad = —51.3? 


=-1.25 


Tmax = 0.367 A | | @=100 rad/s 


$ = —0.896 rad = —51.3? 


X, = 2a f L =2(60.0)(0.460) 2173 Q 
1 1 


Š = = 126 Q 
© 2m fC 2x(60.0)(21.0 x10) 


X= Xe 173021269 


a tan ¢= = = 0.314 
(a) R 1500 
$ — 0.304 rad =| 17.4? 
(b) Since X; > Xç, is positive; so | voltage leads the current |. 


For the source-capacitor circuit, the rms source voltage is AV, = (25.1 mA)Xc. For the circuit with 
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resistor, AV, = (15.7 mA) R? + X2 = (25.1 mA)Xc. This gives R =1.247X¢. For the circuit with ideal 
inductor, AV, = (68.2 mA)|X, - Xc|- (25.1 mA)X¢. So |X; - Xc| 20.368 0X. Now for the full circuit 


AV, - LR? WK ake). 


(25.1 mA)X¢ = Iy(1.247Xc)° + (0.368X¢)° 


1219.3 mA 
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P33.25 


P33.26 


P33.27 


*P33.28 


1 1 


= > =1.33 x10 Q 
2z fC 2n(60.0 Hz)(20.0 x107? F) 


Xc 


zs (500 x 10? ay + (1.33 x10° o) ~ 133x108 Q 


V 
logs S s =3.77x10" A 
Z 133x108 Q 


(AVims )pody T Reoay = (37710? A)(50.0 x 10° 0) - [188 V 


rms 


1 1 
oC  27(50.0)(65.0 x10) 


Xe 49.0 Q 


X, = @L = 27(50.0)(185 x10?) = 58.1 Q 


Z= JR +(X xe (40.0)? +(58.1- 49.0)? 2410 Q 
AVinax _ 150 


I pi 
We Z 41.0 


=3.66 A FIG. P33.26 


(a) AVg = I max R = (3.66)(40) - | 146 V 


(b) AV, = I,,,X; = (3.66)(58.1) = 212.5 - | 212 V 


(c) AVe = I max Xc = (3.66)(49.0) 21791 V =| 179 V 


(d) AV; —AVe = 212.5 -179.1 =| 33.4 V 


R=300 Q 


500 Xz 72000 
X, =@L= 2a gt Jo2no H) = 200 Q 
m 


-1 
dade | (82 s" fno x10% 3] -909 Q 
T 


Z=R? +(X, - Xc 2319 Q and 


b= tan ™( D = 20.0? 


FIG. P33.27 


Let X, represent the initial capacitive reactance. Moving the plates to half their original separation 


1 
doubles the capacitance and cuts Xç = ae in half. For the current to double, the total impedance 
o, 


2 
must be cut in half: Z; =2Z;, JR? +(X; ax Z +(x: -Že) , 
2 
rèa (r-xe) dre (n- e) | 


2R^-2RXco4 Xe - 8R? -ARXc-- X2 
Xc -3R 


P33.29 
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(a) X, = 2z(100 Hz)(20.5 H) =1.29 x 104 Q 


Ze AV ms z 200 V -50.0Q 
I 4.00 A 


(X, - Xc}? =Z? - R? = (50.0 Q)” - (35:0 9)? 
1 


X, - Xo =1.29 x 10* Q- —————— = 435.7Q [C=123 nF or 124 nF FIG. P33.29 
eS 2a(100 Hz)C iis 


(b) AV, rms = Is Xt, = (400 A)(1.29 x 10* Q) =| 515 kV 


Notice that this is a very large voltage! 


Section 33.6 Power in an AC Circuit 


P33.30 


P33.31 


X,-oL A (1.000/s)(0.050 0 H)]- 50.0 O 


Xc= — =|(1.000/s)(50.0 x10% p -2000 


ZO JR ROG eX 


= (40.0)? + (50.0 -20.0)? -50.0 Q FIG. P33.30 


à) — E m). 100 V 
E Z 50.0 Q 
Lms =| 2-00 A 


X, -X 
b= arctan( ŽL- žc) 
R 


$ = arctan ule 36.9? 
40.0 Q 


(b = =(AV, 


rms ) rms 


cos ø = 100 V(2.00 A)cos36.9°=| 160 W 


(c) P = I2 sR = (2.00 A) 400 Q-| 160 W 


o -1000 rad/s, R-400Q, C=5.00x10° F, L=0.500 H 


AVmax = 100 V, oL-5000, PE Q 
aC 


2 
NES = 4400? +3007 2500 Q 
[n] 


Tena = max = 100 09 A 
Z 500 


The average power dissipated in the circuit is ?—12..R = e zx i 


P= 


0.200 A)? 
CMA (apo Q)=| 8.00 W 
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P33.32 


P33.33 


P33.34 


P33.35 


Z= JR: 4(Xp=Xe) or (X, X )- z^ - R* 
(X, - Xc) - (750 0)? - (450 0) -600 0 


ó- ta (2 ZA ) = tan( S 3 = 583.1? 
R 45.00 


AY ALO sees 


TECUM 500 
P = (AV ms Has, cos ¢ = (210 V)(2.80 A)cos(53.1?) =| 353 W 


I 


(a) P = Ims (AV,ms )cos = (9.00)180 cos(—37.0°) = 1.29 x 10? W 
$-12A.R so 1.29 x 10 = (9.00) R and 


rms 


Xc 


(b) nga Ense x A 


becomes tan(-37.0°) = = T 


X, = oL = 22(60.0/s)(0.025 0 H) =9.42 Q 


Z= JR Loc Xo (20.0)? «(9.27 Q=2210 


AV, 

(a) Lims = ms = ERU =| 5.43 A 
Z 22.10 

-1{ 9.42 
b =tan !| 2 |= 25.2 SO 
Usar) 
(c) We require $-0. Thus, X; = Xç: 9.42 Q= 

and C=| 281 uF |. 
p 7 (AV ms); 


power factor = cos ¢=| 0.905 |. 


1 


(AV ims Jy 9 RAV), (Is); COS» = (20.0 2)(120 V)(5.43 A)(0.905) - | 109 V 


Consider a two-wire transmission line: 


g Pp g P 


| and power loss 2 I2. R,,, 2 ——. 
rms AVS pow rms? ‘line 100 MGS 
P 2 P AV. 2 
Thus, 2 | (2R,) LE or R- (Ame) 
rms 100 2005 
pa (AV. y a(2ry 200 p? d 
R =—=—— or A= = 5 
E ee 4 (AVins) 
Pd 
and the diameter is 2r = hU : 


z(AV)? 


16.0 Q |. 


2X j= 120@ |, 


2n(60.0 s! yc 


FIG. P33.35 


Ri 


P33.36 


One-half the time, the left side of the generator is positive, the top 
diode conducts, and the bottom diode switches off. The power 
supply sees resistance 

e 2 

AV, 
E: + x - R and the power is (Vas) 
2R 2R R 
The other half of the time the right side of the generator is positive, 
the upper diode is an open circuit, and the lower diode has zero 
resistance. The equivalent resistance is then 
=1 2 2 
AV, 4( AV, 

Reg = Rea -x| AE: and pes ms) = (AVims) . 


3R R 4 Reg 7R 


The overall time average power is: 
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FIG. P33.36 


AV)" In] |4(AVss)" /7R| i 


11( 


AV, 


rms 


M 


2 


Section 33.7 Resonance in a Series RLC Circuit 


P33.37 


P33.38 


*P33.39 


o = 22(99.7 x 10°) = 6.26 x 10° rad/s = ps 


VLC 
= = E =| 1.82 pF 
@oL (6.26 x 10°) (1.40 x 10°°) 
1 1 
At resonance, —— = 22 fL and ——_,—= 
2a fC (20 f) L 


The range of values for C is | 46.5 pF to 419 pF |. 


14R 


1 
a =e 
" f 2aVLC 
Cs ER = : ; “(£)- 633x10 P F 
Ar fL Ag?(10'? /s] 400x107? vs \AS 
(b) CuK SA _ Kel 
d d 
1/2 -13 3 1/2 
vo Cd = 6.33 x 10 po mm -l846x10? m 
K €p 1x8.85x10 ^F 


(c) X; =2afL=22x10"/sx400x10-" Vs/A =| 25.10 
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P33.40 


P33.41 


P33.42 


L=20.0 mH, C=1.00x107 , R=20.0 Q, AV, =100 V 


(a) The resonant frequency for a series -RLC circuit is f = zu | As 3.56 kHz |. 


2x VLC 
AV, 
(b) At resonance, Du ccn =| 5.00 A |. 
L 
(c) From Equation 33.38, Q= ae =) 22.4]. 


(d) AV, max — Xp Tax = @ LI max =| 2.24 kV 


1 
The resonance frequency is o, » ——. Thus, if @=2@), 


JLC 
X, =@L= 2 L-2 f P ks 1 CLE 
vB z ac 2c 21C 
Z= | R? +(X, - Xc)! =,[R? + 2.25{ = S NES. AV tis - WV 
: Z — JjR«225(L/C) 


and the energy delivered in one period is E = ? At: 


(AV) R 27 (AV, )^ RC 4a(AV,ms) RC LC 
oni | )- : Capana 
R? +2.25(L/C) R?C + 2.25L 4R?C +9.00L 


e 


With the values specified for this circuit, this gives: 


4x(50.0 V) 10/0 0)(100 x10% F)? (100x10? n)" 
E- 5 A 4 =| 242 mj |. 
4(10.0 Q)°(100 x10% F) + 9.00(10.0 x10? H) 


1 
The resonance frequency is @, = ——. Thus,if @w=2a,, 
q y 0 JEC 0 
X, =@L= 2 L-2 and Xc = CE CE 
VLC C oC 2C 2VNC 


Then Z - JR? +(X,- Xc) SAR +2.25( =) so las Mes = AV ms 


R? +2.25(L/C) 
and the energy delivered in one period is 


2 2 

AV R (2m) (AV)! RC 

f ) *).! ) (z fic) = 
R? +2.25(L/C)\ o ) R?C+225L 


4a(AV,ns) RCVLC 


E= Mt = 5 
4R^C 4 9.00L 
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P33.43 For the circuit of Problem 22, @) = L-a : = 251 rad/s 
VLC (260 x10? H)(99.0 x10 F) 
251 rad/s)(160 x10? H 
oL ( / y ) -l'0891 
R 68.0 Q 
-3 
For the circuit of Problem 23, Q qul E : E : " ZU RID n =| 0.987 |. 
R RVLC RVC 1509 (210x10? F 
The | circuit of Problem 23 | has a sharper resonance. 
Section 33.8 The Transformer and Power Transmission 
P33.44 (a) AV» ms = (120 V)=| 9.23 V 
(b) AV. meli, rms 7 AV, rms{2, rms 
(120 V)(0.350 A) = (9.23 V) Wh. 
pene UN 4.55 A | for a transformer with no energy loss. 
: 9.23 V 
(c) P =| 42.0 W | from part (b). 
2.000 
P33.45 (AV) = -N2(AV,) _ = E V)-971 V 
max N; max 350 
(971 V) 
AVou = =| 687 V 
( ae X2. 
N (2 200)(80) 
P33.46 AV. - 2 (AV, N, =~———— =| 1600 windings 
(a) ( 2; se) N} ( 1, m 2 110 Ww: 8 
(1.50)(2 200) 
b I AV, E AV. I = ——___— =| 30.0 A 
( ) bel TM 27 ind 2; ia) 1, rms 110 
(1.20)(2 200) 
0.950I AV. =! AV. I = —_____— =| 25.3 A 
(c) 1, | 1, ane] 2, ssl 2, xad) 1, rms 110(0.950) 
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P33.47 The rms voltage across the transformer primary is 
Ni 


N> (Av, mA 


N 
so the source voltage is AV, ims = I4 QR, + a T R 
2 


FIG. P33.47 
3 (AV>, ms] E 3 
The secondary current is TE 1 the primary current is 
L 
Ny (AV2, sins] zr 
N, R, 1, rms 
N3|AV. R, N4(AV. 
Then AV, NE X 2; sax S + T Di. smi] 
l N,R; Nj 
N, (AV. 5(50.0 Q 5(25.0 V 
and R= ae 1(AVa, ms) |. 560.0 ©) 800v 5050 | 753]. 
Na(AVz ms) ^ N, 2(25.0 V) 2 


Na AV ms  100x10 V _ 
Ni AVG ms 120 V 


N 
P3348 (a) AV ms = (OM. iie) 
1 


(b) l, ms (AV, ie) = 0.9001, vac A vis) 


120 V 
24.0 Q 


I, as (100 x 10° V) = ase Jazo V) Ls =| 54.0 mA 


_ AV2 ims 100x10? V 


c Z 
©) ECKE 0.054 A 


=| 185 kQ 


P 5.00 x106 W 


P33.49 (a) R=(4.50x10* Q/M)(6.44 x 10° m)= 290 O and Ims = - —--100A 
AVims 5.00 x10° V 
Boss = IZR = (10.0 A)*(290 Q) - | 29.0 kW 
q 4 
(b) us EUR. SE 
P — 500x10 
(c) It is impossible to transmit so much power at such low voltage. Maximum power transfer 


occurs when load resistance equals the line resistance of 290 ©, and is 


(45010? vy 
2.2(290 Q) 


= 17.5 kW far below the required 5 000 kW. 


Section 33.9 
*P33.50 (a) 
(b) 
(c) 
*P33.51 (a) 
(b) 
(c) 
P33.52 (a) 


(b) 


(c) 


Rectifiers and Filters 


Input power = 8 


W 


Useful output power = IAV 20.3 A(9 V) 2 2.7 W 
2.7 W 


useful output 


0.34 


efficiency = 


total input 


8W 


Total input power = Total output power 


8 W =2.7 W + wasted power 


wasted power = 


E=At=8 W(6)(31 a 


5.3 W 


86 400 s 


1d 


I 


1 Ws 


The input voltage is AV,,, = IZ = IJR 


AV ut = IR. The gain ratio is 


AV, 


out 


34% 


3.6 x 10° J 


2 
44X2 =I |R? «x . The output voltage is 
oC 
E IR R 


E] J= 129x10" (23 


]- $8 


MV in IR? +(1/@c)? D JR? «jo cy . 


TIN RENE NEL NU 
in 
AS 9 — o0, »0 and AVout SC 1 
AV, R 

- R 
2 2 2 

R*+(1/@C) 
Ree = =4R? oC? =, a 

oC 3R J3RC 


AV, 


As 0 0, EE — o and R becomes negligible in comparison. Then 
to) 


I 
out — IXc -oC 


PELET, ard outs 0l. 
aC in 
1 Voc gu 
2. Reta): oC 
Š V3 
~ 2x RC 


A 
. The gain ratio is 


Vout 


I/aC 
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f= 1 
2z43RC 


The input voltage is AV, = IZ = IJ R2 X2 = JR? +(1/@C)” . The output voltage is 


lloc 


Vin rR? «(yocy. JR. (Joc)? 


AV out , oc B 
AVn — ljoC 
3 
=27 f = 
o=2n f RC 
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P33.53 For this RC high-pass filter, SL ae m 
A in R? + Xé 
AV, R AV 
(a) When 2 es . 9500, "m "un 
iken 0.500 Q 


=0.500 or X, =0.866 Q. 


(0.500 0)? + x2 


If this occurs at f = 300 Hz, the capacitance is 


1 1 
2nfXc  2a(300 Hz)(0.866 Q) 


=6.13x10* F =| 613 LF |. 


(b) With this capacitance and a frequency of 600 Hz, AV out /AVin 
1 - 
Xc= : =~ = 0.433 Q 
2n(600 Hz)(6.13 x 10~* F) 
AVin  JR^«X2 (0.5000)! +(0.433 O)? | 300 600 
FIG. P33.53 
AV, x 
P33.54 For the filter circuit, — = S. Ry 
AVin JR? + Xe 
(a) At f =600 Hz, Xc= CM : 24 = 3.32 x10* Q 
2zfC 2x(600 Hz)(8.00x 10 F) 
4 
and E - SLUT z^ [100]. 
in Jooo Q)? «(3:32x10* 0) 
1 1 
(D At f =600 kHz, Xc= = = 33.2.2 
f ^ 2afC 2n(600 x10° Hz)(8.00 x10 F) 
and Bou. - Pan =| 0.346 |. 
AV, 


in (90.0.0)? + (33.2.0)? 
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C 
I 
P33.55 ou 200, i 3 


(8.00 Q)? 
(8.00 Q)? + [4007 L -1/400z C] - 


(a At200 Hz: : - 


FIG. P33.55(a) 


2 
At 4000 Hz: (8.00 Q)? + s 0007 L- | = 4(8.00 Q)”. 


8 0007 C 
At the low frequency, X; — Xc <0. Thisreducesto 4007L- X -13.9 Q. [1] 
4007C 
For the high frequency half-voltage point, 80007 L- NECEM +13.9 Q. [2] 
8000zC 


Solving Equations (1) and (2) simultaneously gives C =| 546 uF | and L2 | 580 4H |. 


(b) When X; = Xe, AVout | AVout =| 1.00 |. 
AV, AVin Juss 


in 


1 1 
(c) X,=Xc requires fy= = =| 894 Hz |. 
2aVLC — 25 (5.80 107* H)(5.46 x10 F) 
@.. Atmore: S mL T ux x R AVout 
AV. Z 2 Pee | Lo or 9 
L- Xc 
so the phasor diagram is as shown: Z AVin 


-1 R E i 1 AVin 
$--cos |= --cos |= | SO Z 
Z 2 Xi- Xc ^ Or f 
AV ou leads AV, by 60.0? |. E AVout 


At fo, Xj = Xc so 


FIG. P33.55(d) 


AV, and AV,,, have a phase difference of 0° |. 


At 4000 Hz, Aou . £1 ang X; - Xc 50. 
AV, 2 


Thus, ¢=cos (5) = 60.0? 


or AV out lags AV;,, by 60.0? |. 


(e) At 200 Hz and at 4 kHz, 
(AVout rms y ((1/2)AVin rms y (1/2)[(1/2)AVin max I; (10.0 vy 


P= = = = = 1.56 W . 
R R R 8(8.00 Q) 
2 2 2 
AV. AV, 1/2) AV, 2 
At fo p= ( out, iu) _ ( in, sus] _ ( / J in, M XN (10.0 V) -[625W |. 
R R R 2(8.00 Q) 


oL 2a fol 27(894 Hz)(5.80 x10% H) 
R R — 8.00 Q 7 


(f) We take: Q = 0.408 |. 
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Additional Problems 


P33.56 


P33.57 


*P33.58 


The equation for Av(t) during the first period (using y=mx+b ) is: V 
2(AV, yt +Vinax 
Av(t) = A EE AV. ax d 
" , i uu dem cers 
(AV, 
(COM = 1 [Devas =! m) f 2 1 dt 
ae ay Pool? FIG. P33.56 
2 
Vmax) LA Veg y 3 (^ max ) 
Cul E [e -eay]- Some - 
-f E (AV, 
Viis (Av aih max) = 
Oy = l> l = 2000 s^! P 
VLC ,|(0.050 0 H)(.00 10-5 F) 
so the operating angular frequency of the circuit is 
o - 29-1000 s7 
2 w, rad/s 
nee — (AV, Ro? 1800 1900 2000 2100 2200 
sing Equation 33.37, P= 212.5 
R29? «Do? - a) (Q ) 
FIG. P33.57 


(400)? (8.00)(1 000)” 


P = 
(8.00)? (1 000)* + (0.050 0)" (1.00 — 4.00) x 10°] 


=| 56.7 W |. 


The angular frequency is œ = 2760/s = 377/s. When S is open, R, L, and C are in series with the 
source: 


R Xx. -( 


Sx y « 20 V 


2 
-14194x10* Q?. (1) 
I 0.183 A 


When 5 is in position 1, a parallel combination of two R’s presents equivalent resistance a! in series 


with L and C: 


2 2 
(=) «x, -x*-[ zn = 4504 x 10? Q?. Q) 
2 0.298 A 
When 5 is in position 2, the current by passes the inductor. R and C are in series with the source: 
2 
R? Xo (4) = 2.131104 Q?. (3) 
0.137 A 


Take equation (1) minus equation (2): 


IR =7.440 x10? Q? | R299.6 Q 


continued on next page 


P33.59 


*P33.60 


P33.61 
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(only the positive root is physical.) Now equation (3) gives 


1/2 
Xc= [2131 x10* - (99.6) | Q=106.7 Q= — (only the positive root is physical.) 
o 


C - (oXc) ^ =[(377/s)106.7 o] ' - [249x102 F=C |. 


Now equation (1) gives 


4 2 1/2 
Xx ss [1.194 104 - (99.6) | Q- 444.99 Q 


X; 2106.7 0-- 4499 Q = 61.74 Q or 151.7 O2 oL 


Ro 0.164 H or 0.402 H=L 
a 
The resistance of the circuit is R= Ska e 19.0 Q. 
I  0.680A 
The impedance of the circuit is Z = DM 2 d. 4210. 
Ims  0570A 


Z? =R? +°? 


1 [Gz p2_ 1 2 2 
L-2—wXZ*-R^-2——4A(4241). - (19.0) =| 99.6 mH 
zy 57; 424) -(19.0)* =[99.6 mH | 
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The lowest-frequency standing-wave state is NAN. The distance between the clamps we represent 


A | 
as L=dyy = 2 The speed of transverse waves on the string is v = fA = iz f2L. The magnetic 
u 


force on the wire oscillates at 60 Hz, so the wire will oscillate in resonance at 60 Hz. 


— ER 
0.019 kg/m 


= (60/s)^ 4? |T - (274 kg ms?]i? 


Any values of T and L related according to this expression will work, including 


we assume the subsection of wire in the field is 2 cm wide, we can find the rms value of the 
magnetic force: 


F; = I/Bsin6 = (9 A)(0.02 m)(0.015 3T)sin90*— 2.75 mN. 


So a small force can produce an oscillation of noticeable amplitude if internal friction is small. 


(a) When oL is very large, the bottom branch carries negligible current. Also, a will be 
to) 


450V -— 
2000 — 


negligible compared to 200 Q and 


top branch. 


1 
(b) Now ae — o and wL->0 so the generator and bottom branch carry | 450 mA |. 
o, 


ifL=0.200 m T=10.9N |. We did not need to use the value of the current and magnetic field. If 


225 mA | flows in the power supply and the 
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P33.62 


P33.63 


(a) 


(b) 


(d) 


(f) 


(g) 


(h) 


(i) 


(a) 


(b) 


With both switches closed, the current goes only through generator 


and resistor. 


: AV, 
i(t)=—“cosat 
R 


i(t) = Rr o t+ arcan 5] 
VR? +o I R 


For 0=¢=arctan 
; 1 1 
We require @gL = —— , so C= CURE 
eC oL 


At this resonance frequency, Z-|R|. 


U= SC(AVe) - crx? 


2 2 
u 1 Ci? x2 1 C (AVinax) 1 (AVinax ) L 
max EP! max^*C 7 2 R2 iG? 2R? 
NN ERR CUR 
Umax 7 Ima = ab R2 
Now o -20g- pue : 
LC 


oL - (14o9C) 
[^3 


v(t) = AVinax cos ot 


FIG. P33.62 


ee (= acta OO) = zl 24L/C B d 


R 


R 
Now T RN CUM o= PE 2206s 
aC 2LC | V2 
AV, 100 V 
I -2 ms _ -[125A 
Rms R S000 


The total current will | lag | the applied voltage as seen in the phasor IL 


diagram at the right. 
AV, 100 V 


rms 
I, rms 7 = 


X,  24(600s7)0200H) - 


33A 


133A 


I 
Thus, the phase angle is: ¢= zu L,rms 


R, rms 


j= 


1.25 A 


)- 


FIG. P33.63 


46.7° |. 


P33.64 


P33.65 


P33.66 


Chapter 33 


285 


Suppose each of the 20 000 people uses an average power of 500 W. (This means 12 kWh per day, or 
$36 per 30 days at 10¢ per kWh). Suppose the transmission line is at 20 kV. Then 


I 


If the transmission line had been at 200 kV, the current would be only 


P 20 000)(500 W 
I _( X ) —10? A]. 


rms 


AV, 20 000 V 


rms 


— 10? A |. 


R=200 Q, L=663 mH, C-265 pF, 02377 s! , AV, 2500 V 


oL-2500, E Q, Z- JR? « (X, - Xc)! = 250.9 
aC 


(a) 


(d) 


AV ax 50.0 V 
mx Z 2500) 


ó- tan (3 — =| 36.8° | (AV leads I) 


I 


0.200 A 


AVR, max = Imax R= 40.0 V | at | =0° 


max 


I 


AVc, max = = =| 20.0 V | at | ø =-90.0° | (Ileads AV ) 


aC 


AV, max = Imax@ L =| 50.0 V | at | ¢=+90.0° | (AV leads 1) 


L=2.00H, C=10.0x10° F, R=10.0Q, A«(f) - (I00sinct) 


(a) 


(b) 


The resonant frequency o produces the maximum current and thus the maximum power 


delivery to the resistor. 
1 1 


Qp- - - | 224 rad/s | rad/s 
VLC (2.00)(10.0 x10) 
2 2 
AV. 1 
p- Yma) _ (100)? Lu 
2R 2(10.0) 
Tous - Sms = AV ims 5 and 
"S +(@L-(1/@C)) 
2 E E 
Tims = 5 Uns jos or 
This occurs where Z? = 2R? : 
o L’ C? -2Lo?C - R?o?C? 41-0 or 


(AVims) » 1( 

z^ 2 

raor- 
oO 


I2c2o* - arc + ?c?)o? +1=0 


(2.00)"(100 x 105] Jos - [22.00100 x10 5)-- (10.0) (10.0 x 105) lo? 4120. 


Solving this quadratic equation, we find that 


0 = 448 894 =| 221 rad/s and 


o? =51130, or 48 894 


@, = 451130 = 


226 rad/s |. 
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P33.67 (a) From Equation 33.41, A = Al 
N, AV, 
AV. AV. 
Letinputimpedance Z,= a and the output impedance Z, = ue 
1 2 
so that Pup t : But from Eq. 33.42, tt Ones Na ; 
N, Zl, I, AV, N; 
T t e ; Ni _ |Z 
So, combining with the previous result we have | — = |—- |. 
Nr VZ5 
(b) Ni JZ [8 000 -[316 
N, WZs 8.00 
2 2 2 
120 V 
P33.68 | P-I2.R- [nas R,so 250 W= (220 V) (40.0 Q): Z- |R? «| oL NN 
Z Z aC 
120)*(40.0 7 ? 
250 — (120) (40.0) x b 2502 AAi - 
(40.0)? + |2- f(0.185)— u 27 f(65.0 105 J 1600f? « (1.162 4f? — 2 448.5) 
2304f? 


so 1.3511f* —6396.3 f? +5995 300 =0 


1 - 
1600 f? +1.3511f* —5 692.3 f? +5995 300 


2; 
6 396.3 + (6 396.3)" — 4(1.3511)(5 995 300 
22 i yo X ) = 3 446.5 or 1 287.4 


2(1.351 1) 
f -[587 Hz or 35.9 Hz 
AV, AV, AV, 
P33.69 Ip =="; I; v Ic E 
R cL (aC) 


1 1 1 
" A ms | [ | 
Ip Xc X; AV ims /R 


FIG. P33.69 
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2 
1 1 
P33.70 (a) Inns = e| -3 soc i 


AVims > (AV), when poss 
max oL 


rms rms 


| e e l -[919 Hz 
2aVLC 27/200 x10? H(0.150x 105 F) 
B -ie as 0 A 
R 8000 
FIG. P33.70 
pi TR 120 V wai 


oL —(374sJ0.200 H) i 


Ic = AV,ms (9C) = (120 V)(374 s (01501075 F) =| 6.73 mA 


(c) Las Ji ee y Jaso} + (0.006 73- 1.60)" =[2.19 A 


ie eee -tn | 200673160) er 
iz 1.50 


The | current is lagging the voltage |. 


P33.71 (a) X, = Xc 21884 Q when f =2000 Hz f(Hz X, (Q) Xe (Q) Z (Q) 
300 283 12600 12300 

SEC a 0.150 H and 600 565 6280 5720 

ML LU S 800 754 4710 3960 

V PE 1 - 42.2 nF 1000 942 3770 2830 


(27 f)Xc (40007 rad/s)(1 884 Q) iE. dior. Dae aac 


1 
X,=20f(0150H) Xc= 2000 1880 1880 40 
(22 f)(4.22 x10 F) 3000 2830 1260 1570 
: 4000 3770 942 2830 

2 
Z= (40.0 Q)' *(X; - Xc) 6000 5650 628 5020 


10 000 9 420 377 9040 


(b) Impedence, Q 
12k, 


8k4 / 
| N ^ 
i S P Z 
NN y 


FIG. P33.71(b) 
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1 
P33.72 Pores VAE rad/s 2 foL) duo Z (Q) | P2 ?R (W) 


Op 
0.9990 | 999.0 | 1001.0 2.24 0.19984 
0.9991 | 999.1 | 1000.9 2.06 0.23569 


For each angular frequency, we find 


ae 1 R? «(oL-1/oC) 0.9993 | 999.3 | 1000.7 | 172 | 0.33768 
Bec 0.9995 | 999.5 | 1000.5 | 1.41 | 0.49987 
E 0.9997 | 999.7 | 1000.3 | 1.17 | 0.73524 

and #=17(1.00Q). 0.9999 | 999.9 | 1000.1 | 1.02 | 0.96153 


1.0000 | 1000 1000.0 | 1.00 1.00000 
1.0001 | 1000.1 999.9 | 1.02 0.96154 


The full width at half maximum is: 


Ao _ (1.0005 -0.999 5), 


y= oe ~ 1.0003 | 1000.3 | 9997 | 117 | 0.73535 

act 1.0005 | 1000.5 | 9995 | 141 | 0.50012 

NM pos 1.0007 | 1000.7 | 9993 | 172 | 0.33799 

m 1.0009 | 1000.9 | 9991 | 2.06 | 0.23601 

while 1.0010 | 1001 999.0 | 224 | 0.20016 
is ODE. BU Ea: 


2zL | 22 (1.0010? H) 
10 
0.8 
0.6 
04 
0.2 


0.0 
0.996 0.998 1 1.002 1.004 
O/O 


FIG. P33.72 
P33.73 Afoa = 5 ze 5 3 E 
^Va  [R?+(1/0C)?  qRi«(/2zfC) o— 
AVin R AVout 
(a) AVout _ when I -R48. 
AV 2 aC 
e 1 FIG. P33.73 
Hence, f = = =| 1.84 kHz |. 
f Qn 2z RC43 | 1.84 KHz | 


continued on next page 
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(b) Log Gain versus Log Frequency 


Log AVou/AVin -2 


FIG. P33.73(b) 


ANSWERS TO EVEN PROBLEMS 


P33.2 


P33.4 


P33.6 


P33.8 


P33.10 


P33.12 


P33.14 


P33.16 


P33.18 


P33.20 


P33.22 


P33.24 


P33.26 


P33.28 


P33.30 


(a) 193 O; (b) 144 Q 
(a) 25.3 rad/s; (b) 0.114 s 


1.25 A and 96.0 Q for bulbs 1 and 2; 
0.833 A and 144 Q for bulb 3 


7.03 H or more 
3.14 A 
3.80] 


(a) greater than 41.3 Hz; 
(b) less than 87.5 Q 


V2C(AV ms ) 
-32.0 A 
2.79 kHz 


(a) 109 Q; (b) 0.367 A; (c) Imax = 0.367 A, 
o —100 rad/s, ø = —0.896 rad 


19.3 mA 
(a) 146 V ; (b) 212 V; (c) 179 V; (d) 32.4 V 
Xc =3R 


(a) 2.00 A; (b) 160 W; (c) see the solution 


P33.32 


P33.34 


P33.36 


P33.38 


P33.40 


P33.42 


P33.44 


P33.46 


P33.48 


P33.50 


P33.52 


P33.54 


P33.56 


P33.58 


353 W 


(a) 5.43 A; (b) 0.905; (c) 281 „F; (d) 109 V 


2 
1 1I(AV,ms ) 
14R 


46.5 pF to 419 pF 


(a) 3.56 kHz; (b) 5.00 A; (c) 22.4; 
(d) 2.24 kV 


4a( AV mg) RCVLC 
AR?C 4 9L 


(a) 9.23 V ; (b) 455 A; (c) 420 W 
(a) 1600 turns; (b) 30.0 A; (c) 25.3 A 
(a) 83.3; (b) 54.0 mA; (c) 185 KQ 

(a) 0.34; (b) 5.3 W; (c) $4.8 


V3 


th lution; (b) 1; 0; 
(a) see the solution; (b) (c) RC 


(a) 1.00; (b) 0.346 
see the solution 


R=99.6 Q, C =24.9 uF, L=164 mH or 
402 mH 
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P33.60 L=0.200 m and T =10.9 N, or any values 
related by T = (274 kg / ms?^)r? 


2 
AV, 

AV max cosat; (b) ? = Uad, 

R 2R 


P33.62 (a) i(t) = 


L 
(c) (ijs as ot+tan | 2° ; 
VR? +0°L? R 


2 

1 (AVinax) L 
;(eZ-R;(f ; 

oL (e) () 2R? 


(AY a Es -1 3 E ; 
(g) ARES OS (h) tan 2RWC |’ 


(i) 1. 
42LC 


(d)C- 
e 


L 


P33.64 


P33.66 


P33.68 


P33.70 


P33.72 


~10° A 


(a) 224 rad/s; (b) 500 W; 
(c) 221 rad/s and 226 rad/s 


either 58.7 Hz or 35.9 Hz 

(a) 919 Hz; 

(b) Ip =1.50 A, I; 2 1.60 A, Ic =6.73 mA; 
(c) 2.19 A; (d) —46.7°; current lagging 


see the solution 
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Electromagnetic Waves 


Q34.1 


Q34.2 


ANSWERS TO QUESTIONS 


Radio waves move at the speed of light. They can travel around 
the curved surface of the Earth, bouncing between the ground 
and the ionosphere, which has an altitude that is small when 
compared to the radius of the Earth. The distance across the 
lower forty-eight states is approximately 5 000 km, requiring a 

5x105 m 
3x10° m/s 
Earth takes only 0.07 s. In other words, a speech can be heard 
on the other side of the world before it is heard at the back of a 
large room. 


transit time of — 10 ? s. To go halfway around the 


The Sun's angular speed in our sky is our rate of rotation, 
360° 


24h 
scis as 


= 15°/h. In 8.3 minutes it moves west by 


1h 


60 min 
times the angular diameter of the Sun. 


Jes min) = 2.1°. This is about four 


Energy moves. No matter moves. You could say that electric and magnetic fields move, but it is nicer 
to say that the fields at one point stay at that point and oscillate. The fields vary in time, like sports 
fans in the grandstand when the crowd does the wave. The fields constitute the medium for the 
wave, and energy moves. 


No. If a single wire carries DC current, it does not emit electromagnetic waves. In this case, there is a 
constant magnetic field around the wire. Alternately, if the cable is a coaxial cable, it ideally does not 
emit electromagnetic waves even while carrying AC current. 


Acceleration of electric charge. 


The changing magnetic field of the solenoid induces eddy currents in the conducting core. This is 
accompanied by I?R conversion of electrically-transmitted energy into internal energy in the 


conductor. 


A wire connected to the terminals of a battery does not radiate electromagnetic waves. The battery 
establishes an electric field, which produces current in the wire. The current in the wire creates a 
magnetic field. Both fields are constant in time, so no electromagnetic induction or “magneto-electric 
induction” happens. Neither field creates a new cycle of the other field. No wave propagation 


occurs. 
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Q34.8 


Q34.9 


Q34.10 


Q34.11 


Q34.12 


Q34.13 


Q34.14 


Q34.15 


No. Static electricity is just that: static. Without acceleration of the charge, there can be no 


electromagnetic wave. 
Sound 


The world of sound extends to the top of the 
atmosphere and stops there; sound requires a 
material medium. Sound propagates by a chain 
reaction of density and pressure disturbances 
recreating each other. Sound in air moves at 
hundreds of meters per second. Audible sound 
has frequencies over a range of three decades 
(ten octaves) from 20 Hz to 20 KHz. Audible 
sound has wavelengths of ordinary size (1.7 cm 
to 17 m). Sound waves are longitudinal. 


Light 


The universe of light fills the whole universe. 
Light moves through materials, but faster in a 
vacuum. Light propagates by a chain reaction of 
electric and magnetic fields recreating each 
other. Light in air moves at hundreds of millions 
of meters per second. Visible light has 
frequencies over a range of less than one octave, 
from 430 to 750 Terahertz. Visible light has 
wavelengths of very small size (400 nm to 

700 nm). Light waves are transverse. 


Sound and light can both be reflected, refracted, or absorbed to produce internal energy. Both have 
amplitude and frequency set by the source, speed set by the medium, and wavelength set by both 
source and medium. Sound and light both exhibit the Doppler effect, standing waves, beats, 
interference, diffraction, and resonance. Both can be focused to make images. Both are described by 
wave functions satisfying wave equations. Both carry energy. If the source is small, their intensities 
both follow an inverse-square law. Both are waves. 


The Poynting vector S describes the energy flow associated with an electromagnetic wave. The 
direction of S is along the direction of propagation and the magnitude of S is the rate at which 
electromagnetic energy crosses a unit surface area perpendicular to the direction of S. 


Photons carry momentum. Recalling what we learned in Chapter 9, the impulse imparted to a 
particle that bounces elastically is twice that imparted to an object that sticks to a massive wall. 
Similarly, the impulse, and hence the pressure exerted by a photon reflecting from a surface must be 
twice that exerted by a photon that is absorbed. 


Different stations have transmitting antennas at different locations. For best reception align your 
rabbit ears perpendicular to the straight-line path from your TV to the transmitting antenna. The 
transmitted signals are also polarized. The polarization direction of the wave can be changed by 
reflection from surfaces—including the atmosphere—and through Kerr rotation—a change in 
polarization axis when passing through an organic substance. In your home, the plane of 
polarization is determined by your surroundings, so antennas need to be adjusted to align with the 
polarization of the wave. 


You become part of the receiving antenna! You are a big sack of salt water. Your contribution usually 
increases the gain of the antenna by a few tenths of a dB, enough to noticeably improve reception. 


On the TV set, each side of the dipole antenna is a 1/4 of the wavelength of the VHF radio wave. The 
electric field of the wave moves free charges in the antenna in electrical resonance, giving maximum 
current in the center of the antenna, where the cable connects it to the receiver. 


The loop antenna is essentially a solenoid. As the UHF radio wave varies the magnetic field inside 
the loop, an AC emf is induced in the loop as described by Faraday's and Lenz's laws. This signal is 
then carried down a cable to the UHF receiving circuit in the TV. An excellent reference for antennas 
and all things radio is the ARRL Handbook. 


Q34.16 


Q34.17 


Q34.18 


Q34.19 


Q34.20 


Q34.21 


Q34.22 


Q34.23 
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The voltage induced in the loop antenna is proportional to the rate of change of the magnetic field in 
the wave. A wave of higher frequency induces a larger emf in direct proportion. The instantaneous 
voltage between the ends of a dipole antenna is the distance between the ends multiplied by the 
electric field of the wave. It does not depend on the frequency of the wave. 


The radiation resistance of a broadcast antenna is the equivalent resistance that would take the same 
power that the antenna radiates, and convert it into internal energy. 


Consider a typical metal rod antenna for a car radio. The rod detects the electric field portion of the 
carrier wave. Variations in the amplitude of the incoming radio wave cause the electrons in the rod 
to vibrate with amplitudes emulating those of the carrier wave. Likewise, for frequency modulation, 
the variations of the frequency of the carrier wave cause constant-amplitude vibrations of the 
electrons in the rod but at frequencies that imitate those of the carrier. 


The frequency of EM waves in a microwave oven, typically 2.45 GHz, is chosen to be in a band of 
frequencies absorbed by water molecules. The plastic and the glass contain no water molecules. 
Plastic and glass have very different absorption frequencies from water, so they may not absorb any 
significant microwave energy and remain cool to the touch. 


People of all the world's races have skin the same color in the infrared. When you blush or exercise 
or get excited, you stand out like a beacon in an infrared group picture. The brightest portions of 
your face show where you radiate the most. Your nostrils and the openings of your ear canals are 
bright; brighter still are just the pupils of your eyes. 


Light bulbs and the toaster shine brightly in the infrared. Somewhat fainter are the back of the 
refrigerator and the back of the television set, while the TV screen is dark. The pipes under the sink 
show the same weak sheen as the walls until you turn on the faucets. Then the pipe on the right 
turns very black while that on the left develops a rich glow that quickly runs up along its length. The 
food on your plate shines; so does human skin, the same color for all races. Clothing is dark as a rule, 
but your bottom glows like a monkey's rump when you get up from a chair, and you leave behind a 
patch of the same blush on the chair seat. Your face shows you are lit from within, like a jack-o- 
lantern: your nostrils and the openings of your ear canals are bright; brighter still are just the pupils 
of your eyes. 


Welding produces ultraviolet light, along with high intensity visible and infrared. 


12.2 cm waves have a frequency of 2.46 GHz. If the Q value of the phone is low (namely if it is 
cheap), and your microwave oven is not well shielded (namely, if it is also cheap), the phone can 
likely pick up interference from the oven. If the phone is well constructed and has a high Q value, 
then there should be no interference at all. 
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SOLUTIONS TO PROBLEMS 


Section 34.1 Maxwell’s Equations and Hertz’s Discoveries 


*P34.1 (a) The rod creates the same electric field that it would if y 
stationary. We apply Gauss's law to a cylinder of radius E 
r — 20 cm and length £: B 
— 
$E- da = Pisae (+ + +/+ + +0-—-% 
Ep 


Al Z 
E(2z rl)cos0°= — 
€ FIG. P34.1 
(35x10? C/m) Nm? , 
radially outward = j= 
27 er 2n(8.85 «10^ C?\(0.2 m) 


E= 3.15 x10°j N/C |. 


(b) The charge in motion constitutes a current of (35 x10? C/m)(15 x 10° nys) = 0.525 A. This 
current creates a magnetic field. 


47x107 T-m/A\(0.525 A) . : 
s-a cy -l /^) k-[525x107kT 
2zr WX 2z(0.2 m) 


(c) The Lorentz force on the electron is F - qE+qv x B 


F - (216x107? C)(3.15x10°j N/C)+(-1.6x10-? CJ(240x10*i m/s) x (sas x107k e 


^ 


F-50410" *(-j N+ 202510 (+) N - | 83510 5(j)N | 


Section 34.2 Plane Electromagnetic Waves 


P34.2 (a) Since the light from this star travels at 3.00 x 105 m/s 


6.44 x 105. m 
3.00 x108 m/s 


Therefore, it will disappear from the sky in the year 2004+ 680 =| 2.68 x10? C.E. |. 
The star is 680 light-years away. 


the last bit of light will hit the Earth in = 2.15 x 10! s = 680 years . 


Ax. 1496x10!! m 


b At = 
n) v 3x10? m/s 


499 s |2 8.31 min 


2(3.84 x 10 m 
() o At= = : MIT 
v 3x10" m/s 


Ax 27(637 x 10* m) 
v 3x108 m/s 


(d  At= =[0.133 s 


Ax 10x10? m 


;— —-333x10? s 
v 83x10" m/s 


(e) At = 
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1 1 
P34.3 v= = c 20.750c =| 2.25 x10? m/s 
JKug &o v1.78 / 


P34.4 


or = = 3.00 x 10? 


so B27.33x107 T=| 733 nT |. 


P34.5 (a) faz=c 
or  f(50.0 m)=3.00x 10° m/s 


so | f =6.00x 10° Hz =6.00 MHz |. 


© Sec 


e205 3.00 x 10? 


max 


so Bmax =| -73.3k nT |. 


(^ duces ahaa 
A 500 


and @=2n f =2n(6.00x10° s) 377x107 rad/s 


B= Bmax cos(&x- ot) =| -73.3 cos(0.126x - 3.77 x 107 t)k nT |. 


P34.6 Q2 f 26007 x10? s! 2188x107? s! 


9 .-1 
V 
pote? OUTRE d orem Bas a Ne AT 
A c 300x10" m/s c  3.00x10" m/s 
E - (300 V/m)cos(62.8x — 1.88 x 10"? t) | B = (1.00 p/T) cos(62.8x — 1.88 x 10") 
100 V 
Pa7 (9  B-E-. 10 Vim 525,107 T- [0,338 AT 

c 3.00x10" m/s 

Ax Ax 
b A= = =| 0.628 
(0) k | 100x107 m” = 

00 x 10? 

Qj pees Ree a 

A 6.28x107 m 
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P34.8 E= Emax cos(kx — at) 


OE 
— = -Ea sin(kx — o t)(k 
ôx max ( X ) 
OE 
— = -E na sin(kx — o t)\(-o@ 
et max ( X ) 
O7E , 
A7 Era cos(lx - ot(K^) 
2 
T = -E nax cos(kx - v t)(-o)* 
We must show: BEL € aE 
ax? MSN or 
That is, -(k?)E max cos(kx — wt) =- eg (o). E max COS(kx- ot) . 
"T podus 
But this is true, because =p E fü = = = Lg €p- 


The proof for the wave of magnetic field follows precisely the same steps. 


P34.9 In the fundamental mode, there is a single loop in the standing wave between the plates. Therefore, 
the distance between the plates is equal to half a wavelength. 
A = 2L = 2(2.00 m) = 4.00 m 
c. 3.00x10* m/s 
A 4.00 m 


Thus, f= =7.50 x107 Hz =| 75.0 MHz |. 


A 
P3410 = daioa =6 cnt eas 
A=12 cm+5% 
v=Af =(0.12 m+5%)(2.45 x 10? s')= 2.9x10® m/s+5% 


Section 34.3 Energy Carried by Electromagnetic Waves 


1000 W/m? 
paii pep Hai Me E ga dss =| 3.33 4jJ/m? 
At V Unit Volume c 300x10" m/s 
p 3 
Patio cn: SA W ioe a 


Avr^ — 4g(4.00x1609 m)* 


Emax =2HoCSay 70.0761 V/m 


AV max = EmaxL = (76.1 mV/m)(0.650 m) =| 49.5 mV (amplitude) | or 35.0 mV (rms) 


P34.13 


P34.14 


P34.15 


P34.16 


P34.17 


Chapter 34 
r — (5.00 mi)(1 609 m/mi) =8.04x 10° m 


p 3 
s-Z -Z0 W _ y aw? 


Amr) An (8.04 10? w) 


100 W 


=——_—_ = 7.96 W/m’ 
Az (1.00 m) 


u-l-265x10* J/m? = 26.5 nJ/m? 
C 


(a) up =F 133 nJ/m* 
1 3 
(b) iyo uc 133 nJ/m 


© TD WTR 


Power output = (power input)(efficiency). 


Power out 100x105 W 


Thus, Power input = =3,33x10° W 
eff 0.300 
P 6 
and E et E TETT | 
I 100x10? W/m 
2 Im 
I Baa I 5 
2ug Arr 


Bmax = | CE ee) =| 516x10" T 
Apr A c 4n(5.00 x10?) (3.00105) 


Since the magnetic field of the Earth is approximately 5x 10? T , the Earth's field is some 100 000 
times stronger. 


(a) $-]?R-150W 
A = 2z rL = 22(0.900 x 10? m (0.080 0 m) = 452 10 * m? 


S=—=| 332 kw/ m? | (points radially inward) 


B- Hol _ ug(1.00) 
acr 2n(0.900 x 10?) 


AV IR 150V 

E=- -2 =[1.88 kV 
A p o Li EUER 

ed 


Ho 


(b) =| 222 „uT 


Note: = 332 kW/m? 
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*P34.18 


P34.19 


*P34.20 


P34.21 
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(ay p= Emax (3x10° V/m) | J it C spes 


Aue 242x107 T-m/A\(3x108 m/s) A V.C) VASA Nis A J 
I-|119x10? W/m? 


-3 2 
() ^ *-IA-(L19x10 wise [etam - [234x105 W 


(a) E-B = (80.01 + 32.0j — 64.0k (N/C) (0.2001 + 0.080 0 + 0.290k) 4T 


E-B - (160: 256-1856) N?-s/C? -m-[0 | 


i |(80.oi «32,0j -64.0k) N/C| x (0.200% +-0.080 0j + 0.290k) a] 
(bt) | S-—-ExB- 4 
Lo Ax x107 T-m/A 


(6.40k — 23.2j - 6.40k + 9.281 -12.8j-- 51121] x 10 * W/m? 
47x107 
(11.5i-28.6j) W/m? | = 30.9 W/m? at -68.2° from the +x axis. 


S= 


S 


The energy put into the water in each container by electromagnetic radiation can be written as 

e? At = elAAt where e is the percentage absorption efficiency. This energy has the same effect as heat 
in raising the temperature of the water: 

elAAt = mcAT = pVcAT 


pO At _ elt 
plc ple 


where is the edge dimension of the container and c the specific heat of water. For the small 
container, 

0.7(25 x 10° W/m?)480 s 

T=— z =| 33.4°C |. 

(10° kg/m? (0.06 m)4186 J/kg-°C 


For the larger, 


0.91(25 J/s-m?)480 s 
- (0.12/m?)4186 J/°C 


21.7°C |. 


We call the current Ims and the intensity I. The power radiated at this frequency is 


2 
0.010 O( AV, 
2 = (0.010 0(AV,.. rms = - rms) -131W. 
If it is isotropic, the intensity one meter away is 
485. 131W 
A 47(1.00 m)? 


PT [eem Doy oe W/m?) 
3.00 x 10° m/s 


=0.104 W/m? =S,, = za Pe 
0 


=| 29.5 nT 


C 


P34.22 


P34.23 


P34.24 


P34.25 


(a) 


(b) 


(c) 


(a) 


(b) 


(c) 


(a) 


(b) 


(a) 


(b) 


(c) 


(d) 


ful 
efitienay= useful power outpul x 1009 -( 700 W 100% " 
total power input 1400W 
sce ae = 2.69108 W/m? 


A (0.068 3 m)(0.038 1 m) 


Say =| 269 kw/ m? toward the oven chamber 


2 
E max 


» 2 Uoc 


av 


50.0% 


Chapter 34 


Emax = [2 x107 T-m/A)(3.00x 108 m/s)(2.69 10° W/m?) =1.42 x104 V/m 


-[142 kV/m 
/ 


5 
p= Emax __ 270010 NG osse 
C 3.00 x10" m/s 

p2 (700x105) 

2 Hoc 2(4z x107 (3.00 x 10°) 

P T m = ae 
Pe ? - IA - (6.50 x10° Wm?) (oo x10? m) E 510 W 

10.0x 10°) W 

I= a) = =| 497 kW/m? 

(0.800 x10? m) 

3 2 
"S I 497x10 J/m? .s - [166 afm 


E-cB- (300x105 m/s(180x10'* T] - [540 V/m 


pi (180x105) 


c — 800x10? m/s 


Way = 


Hg  4rx107 


Sav = Cay = (3.00105 (258 x 10%) = 


=| 2.58 uj/m? 


773 W/m’ 


This is | 77.3% of the intensity in Example 34.5 
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. It may be cloudy, or the Sun may be setting. 
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Section 34.4 Momentum and Radiation Pressure 


P34.26 The pressure P upon the mirror is P= ewe 
C 
P 
where A is the cross-sectional area of the beam and Saw = n f 
: : 2(f 2P 
The force on the mirror is then F=PA= A=—. 
cA c 
2(100 x 10°*) 
Therefore, ae SAT a 6.67 x10 N |. 
(3x108) 
P34.27 For complete absorption, P = Sa z =| 83.3 nPa |. 
c 3.00 x10 


2(1340 W/m?) 
3.00 x108 m/s? 


P3428 (a) The radiation pressure is =8.93 x10% N/m’. 


Multiplying by the total area, A = 6.00 x10” m? gives: F =| 5.36 N |. 


(b) The acceleration is: LEES 8.93 x10 * m/s? 
m 6000 kg 
(c) It will arrive at time t where d= sat? 


2d 2(3.84 10 m) 


FR -9. 5 s- [107 days |. 
or mx m [893107 m/s?) 9.27 x 10? s 


P34.29 I= 


P2 
THE NE Ho) = [190 KN/C 


AY 


15x10? J/s 
b — — — ,—.—(1.00 m) =| 50.0 
(b) 3.00 x 10? RU p 
(c) _U_ 5x107 =| 167x10"? kg-m/s 
c 300x108 — 3 


P34.30 


P34.31 


(a) 


(b) 


(c) 


(d) 


(a) 


(b) 


Chapter 34 301 


If & is the total power radiated by the Sun, and rz and r,, are the radii of the orbits of the 
S P y E M 
planets Earth and Mars, then the intensities of the solar radiation at these planets are: 


R 


Tp= 
Arr; 
P. 
and ToS. 
A Arh, 
2, 2 
r 1.496 x 10 m 
Thus, I, =I} =| =(1340 W/m? =|577 W/m? |. 
usn) -(roo w SS) - rr Wa 


Mars intercepts the power falling on its circular face: 


Z = Ly (2 Rhy) = (577 W/m?) 2(3:37 «10° m) |- 2.06 x 1016 W |. 


I 
If Mars behaves as a perfect absorber, it feels pressure P = Sm _ Iu 
C C 
I D l x 
and force F-pA-iM(rnh)- fa. 20010 W Lor x17 N]. 
C c  3.00x10" m/s 


The attractive gravitational force exerted on Mars by the Sun is 


p _GMsMy _ (667 x10. N-m?/kg7)(1.991 x10” kg (6.42 x10” kg) 


ZEN (2.2810! mJ 


=1.64x107 N 


which is | —10P times stronger | than the repulsive force of part (c). 


The total energy absorbed by the surface is 
(1 _|1 2 2 S 
u «(rp - B W/m ) [ooo x100 m? (60.0 s) -[113 K]. 


The total energy incident on the surface in this time is 2U = 22.5 kJ , with U 211.3 kJ being 
absorbed and U 211.3 kJ being reflected. The total momentum transferred to the surface is 


p = (momentum from absorption) + (momentum from reflection) 


3(113 x10? J 
p-(4)+(#)-2- | : ) -|113x10 * kg-m/s 
C C c | 8.00x10" m/s 
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*P34.32 The radiation pressure on the disk is P= E 
C 


2 
Then F - ^ y 
c 


Take torques about the hinge: $ r=0 


2 
I 
H,(0)+ H,(0)- mgr sind+ ——— =0 
C 
2 
T Ule dud (0.4 m)107 W s? s 1kg us 
mgc (0.024 kg) m? (9.8 m)(3x10° m) | 1 Ws ! 
[| 
0 
= sin ! 0.0712 =| 4.09° 
FIG. P34.32 


Section 34.5 Production of Electromagnetic Waves by an Antenna 


P34.33 4 =7=536 m so h=Ż-= 134m 
A= 2188 m so p= Snag oa 
F 4 
CV a aa ZZ LL uc. 
P3434 9 =-——— or ?« (AV) 
R hw receiving 
AV =(-)E, -Ay=E, -£cos6 n l aene 
AV oc cos Ó so ? oc cos? 0 N 


(à 0=15.0° : P= Pa cos? (15.07) = 0.9332, =| 93.3% FIG: P34.34 


(b) 0 = 45.0° : P = P ax cos? (45.0°) = 0.500.2 ax =| 50.0% 


(c) 6=90.0°: P= P ax cos”(90.0°) =| 0 


P34.35 


P34.36 


*P34.37 
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(a) Constructive interference occurs when 
d cos0 — nA for some integer n. 
ee, E -2n 
d A/A2 
n=0, +1, +2,... 
"| strong signal @ 0 cos ! 0 - 90*, 270° i 
— d —>] 
(b) Destructive interference occurs when 0° phase {180° phase 
waves add |_| waves cance 
dcoso - [223]: cosü - 2n «1 
.| weak signal @ 0 — cos ! (41) - 0, 180° 
FIG. P34.35 
mo? 
For the proton, >’ F - ma yields quB sin90.0* = Ta 
2R 2 
The period of the proton’s circular motion is therefore: pi LE f 
i q 
, braa 1 
The frequency of the proton’s motion is f= TS 
; ; . F 3 c 270 MC 
The charge will radiate electromagnetic waves at this frequency, with A= F =cT= B 
q 


(a) 


(b) 


(d) 


The magnetic field B = i HoJ max COS(kx — @ tk applies for x » 0, since it describes a wave 


7 , 1 St erum 
moving in the i direction. The electric field direction must satisfy S= — E x B as i=jxk so 
Ho 


the direction of the electric field is j when the cosine is positive. For its magnitude we have 


A 


E - cB,so altogether we have | E= TM cos(kx — et)j |. 


1 11 ^ 
S=—ExB= LOC] 2... cos? (kx — oti 
Ho Ho 4 


S= = Ho Tas cos? (kx — ot)i 


The intensity is the magnitude of the Poynting vector averaged over one or more cycles. The 


: Mors d 1 
average of the cosine-squared function is p. so | I= 8 BGT as: l- 


81 8(570 W/m?) 
= = =| 3.48 A/m 
Imax Hoc mee m/s ERA 
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Section 34.6 The Spectrum of Electromagnetic Waves 


P34.38 


P34.39 


P34.40 


P34.41 


From the electromagnetic spectrum chart and accompanying text discussion, the following 
identifications are made: 


Frequency, f Wavelength, 4 = ; Classification 


2 Hz=2x10° Hz 150 Mm Radio 

2 kHz =2x10° Hz Radio 

2 MHz=2x10° Hz 150m Radio 

2 GHz -2x10? Hz Microwave 
2 THz - 2x10? Hz 150 um Infrared 

2 PHz-2x10P? Hz 150 nm Ultraviolet 


2 EHz - 2x10? Hz 150 pm X-ray 
2 ZHz - 2x10?! Hz 150 fm Gamma ray 


2 YHz - 2x 10? Hz Gamma ray 


Wavelength, A Frequency, f = - Classification 


2 km2 2x10? m 15x10? Hz Radio 


2m=2x10° m 1.5x10? Hz Radio 
2mm-22x10? m 15x10! Hz Microwave 
2 um=2x10 m 15x10! Hz Infrared 


2nm-2x10? m Ultraviolet/X-ray 
2pm-22x10 7 m X-ray/Gamma ray 
2ím-2x10 ? m Gamma ray 
2am-2x10 ? m Gamma ray 


co 3.00 x 10° m/s È 


f= ; 5.45 x 10^ Hz 
A  550x10" m 
108 
a M RC: as — 10? Hz || radio wave 
A 17 
7m 


(b) 1 000 pages, 500 sheets, is about 3 cm thick so one sheet is about 6 x 10? m thick. 


8 
= Se Ts ~10'° Hz || infrared 
6x10% 
x m 
(a) fa=c gives (5.00 x10” Hz)A =3.00x 10° m/s: 4 =6.00 x10" m=6.00 pm 


(b) fa=c gives (400x10? Hz)4 -3.00x10* m/s: A —0.075 m - 7.50 cm 


P34.42 


P34.43 


P34.44 


P34.45 


P34.46 
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00 x 10° 
(a) pr euet r Eum — 261m so EU =| 0.690 wavelengths 
f 1150x10's 261m 
3.00 x 10° 
(b) dst 7 7 ze =3.06 m so E. 58.9 wavelengths 
f 981x10*^s 3.06 m 
Time to reach object = > (total time of flight) = (4.00 x10~ s) -2.00 x10 * s. 
Thus, d = ot =(3.00x10* m/s}(2.00 x 10 s) = 6.00 10* m - 60.0 km |. 
3 
The time for the radio signal to travel 100 km is: r= Bus d ™ 2333x105 s. 
3.00 x 10° m/s 
1 3.00 m 3 
The sound wave travels 3.00 m across the room in: At, = =8.75x10™ s. 
343 m/s 
Therefore, | listeners 100 km away | will receive the news before the people in the news room by a 


total time difference of 


At = 85x10? $-3.33x10 * $2 841x10 s. 


The wavelength of an ELF wave of frequency 75.0 Hzis A= 


The length of a quarter-wavelength antenna would be 


or 


c. 3.00x10* m/s 


L - (1000 km 


L=1.00x10° m= 


f 75.0 Hz 


1.00 x 10? km 


0.621 mi) 
1.00 km 


Thus, while the project may be theoretically possible, it is not very practical. 


C 


3.00 x 10° m/s 


(a) For the AM band, À 


max ~ 


f min 


A C 


~ 540x10? Hz 


|.3:00x10* m/s _ 


min 
fi max 


C 


1600 x10? Hz 


3.00 x 10* m/s 


(b) For the FM band, Aux 


max 


f min 


A C 


~ 880x105 Hz 


3.00 x 10° m/s 


min 7 


pe 


^ 108x109 Hz 


=| 556m 


187 m |. 


3.41 m 


2.78 m |. 


= 400 x 105 m. 


=| 621mi|. 
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Additional Problems 


P3447 (a) P=SA: P=(1340 W/m?) 42(1.496 x10" m) | =| 3.77 x10% W 


(b) S =| 3.35 wT 


DR " zu  [X4«x107 N/A?\(1340 W/m?) 
Ce c4 CESCY € 3.00x10* m/s 


s = Emax so — Emax = J2uoc8 = (421077 (3.00 «1051 340) =| 1.01 kV/m 


2 LoC 


P34.48 Suppose you cover a 1.7 m-by-0.3 m section of beach blanket. Suppose the elevation angle of the Sun 
is 60°. Then the target area you fill in the Sun’s field of view is 


(1.7 m)(0.3 m)cos30°= 0.4 m? . 


? U 
Now I2 27 U - IAt - (1340. W/m? Jro-xoso.« m”)|(3 600 s)| ~ 10° J |. 
P3449 (a) e=- ux - - (BA cos 0) £--A PIN cos o f cos 0) = AB, (sinc tcos 0) 
&(t) = 2z fB max AsinZz f tcos0 e(t) = 2z?r? fB max COSOsin 2 f t 
Thus, Emax = 27 r’ f Bmax COSO 


where @is the angle between the magnetic field and the normal to the loop. 


(b) If E is vertical, B is horizontal, so | the plane of the loop should be vertical 


and | the plane should contain the line of sight of the transmitter |. 


GM GM 
P3450 (3 — E gray = A -( x As) 


where Ms = mass of Sun, r= radius of particle and R= distance from Sun to particle. 
Sar? 


Since E "X 


Eu -(2) 3sR? ud 
Lue. xtA MOMsp) r l 
(b) From the result found in part (a), when Foray = F4, 


3SR? 
4cGMsp 


we have r= 


: 3(214 W/m?)(3.75 x10" mJ 
^ 4(6.67 x10. N m?/kg? (1.991 x10% kg)(1500 kg /m?(3.00 10* m/s) 


-|3.78x107 m 


P34.52 


P34.53 


P34.54 


Chapter 34 307 


(a) Bmax = B= 667x109 T 


2 
(b) s,, = Enex [531x107 W/m? | 
2 Lac 
(c) $-S,A-|167x10 ^ W 


(d) F-PA- ES -|5.56x10 ? N | (= the weight of 
C 


FIG. P34.51 


3 000 H atoms!) 


(a) The power incident on the mirror is: 4 = IA - (1340 W/m? )[ (100 m)? - 421x107 W. 


The power reflected through the atmosphere is % = 0.746(4.21 x 107 w) =| 3.14x107 W |. 


7 
F ; 
O e Lae 0.625 W/m? 
^ n(4.00 x 10° m) 
(c) Noon sunshine in Saint Petersburg produces this power-per-area on a horizontal surface: 


o 
P -0746(1340 W/m?sin7.00* 2 122 W/m?. 
The radiation intensity received from the mirror is 


0.625 W/m? 
122 W/m? 


jo =| 0.513% | of that from the noon Sun in January. 


1 2 
PLE Emax =| = [951 mV/m 
€0 


The area over which we model the antenna as radiating is the lateral surface of a cylinder, 


A=2arl= 2n(4.00 x10? m)(0.100 m) = 2.51107 m°’. 


P 0.600 W 
A 251x10 m? 


=| 23.9 W/m? 


(a) The intensity is then: S = 


(b) The standard is: 


-3 4 2 
0.570 mW/cm? 2 0.570(mW/cm?) 1.00x10 7 W | 1.00x10 Su 
1.00 mW 1.00 m 


| -570 W/m?. 


23.9 W/m? _ 
5.70 W/m? 


4.19 times |. 


While it is on, the telephone is over the standard by 
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E 


175 V/m 


P34.55 (a) Bmax =~ = E -|5.83x107 T 
c 3.00 x 10° m/s 
2m 27 TI 
=—= =| 419 rad/m @=kc=|1.26x10™ rad/s 
A 0.0150 m 


Since S is along x, and E is along y, B must be in | the z direction |. (That is S œ E x B.) 


(b) S, = PmaxBmax _ 49 6 W/m? S, =| (40.6 W/m? i 
2o 
(c) p -25 271x107 N/m? | 


-7 2 2 
nor PA. (271x107 N/m? (0750 m?) 


(d) 
m m 0.500 kg 


=4.06 x107 m/s? a=| (406 nm/s? ji 


P34.56 Of the intensity $-1340 w/ m? 


2(0.380)S 
the 38.0% that is reflected exerts a pressure Pie alae ( ) 7 


c c 
The absorbed light exerts pressure P, = 5, _ 0.6205 
C C 


Altogether the pressure at the subsolar point on Earth is 


138(1340 W/m? 
(a) Pota = P, + Pr reve | z / ) -|6.16x10 Pa 
C 3.00x10" m/s 


P, 101x10? N/m? 
(b) = / 


Protar 616x10% N/m? 


=| 1.64x 10 times smaller than atmospheric pressure 


F I P 1 
P34.57 (a) Pacis porc. NE J/s =3.33 x107 N = (110 kg)a 
A c c c 3200x10' m/s 
a=3.03x10° m/s? and xsia? 


2x 4 
t=,/— =8.12 x10" s =| 22.6 h 
qu MPO s [226R] 


(b) 0 =(107 kg)o - (3.00 kg)(12.0 m/s - v) = (107 kg)v — 36.0 kg -m/s + (3.00 kg)o 


36.0 
U= 


—— =0.327 m/s t=| 30.6 s 
110 
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P34.58 The mirror intercepts power #=1,A, = (1.00 x10° w/ m? J[z(0.500 m =785 W. 


In the image, 


(ak “he + ],-— 355 _ [625 kW/m? 
2 


(0.020 0 m)? 
(b) lL = m so Emax = V2HoCl> = "ECC x 107 (3.00 x 108 (625x105) = 
Ho 
B, = E22 - [724 UT 


(c) 0.400 Mt = mcAT 
0.400(785 W)At = (1.00 kg)(4186 J/kg-°C)(100°C — 20.0°C) 


| 3.35 x 10° J 
314 W 


At -1.07 x 10? s=] 17.8 min 


P34.59 Think of light going up and being absorbed by the bead which presents a face area mre. 


The light pressure is P — LR f 
c 


Inre 


(a) F, = 


1 
4 
ameen mea cando Je ee aan W/m? | 
b 
3 3 \ 479 


Œ) @=1A =(832107 W/m?)x(2,00 10 mJ" -[ 105 KW 


P34.60 Think of light going up and being absorbed by the bead, which presents face area 77. 


I F 
If we take the bead to be perfectly absorbing, the light pressure is P = Sav = = = : 
6. 8 
(a) F, = E 
F,c 
so ea el ae 
A A m 
m m 
From the definition of density, Spee = E 
jas V (4/3)ar, 
1/3 
1 (e2) / 
so Em fase ee Be i NM 
Ty m 
nici dm Ap (pe Iss 3m 1/3 
Substituting for 1, , pa P|) s( 3 _| 408 
a \ 3m 3 mc 3 srp 


2 1/3 
(b) P=IA gis een nse om 
3 4zp 
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P34.61 


P34.62 


P34.63 


(a) 


(b) 


(c) 


(d) 


(e) 


(a) 


(b) 


(c) 


P 
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8 
c. 3.00x10" m/s 750 on 


7 2 P d uu HE 
f 200x10? s^ i || cm 


pus 


el 


U = (At) =(25.0x10° J/s (10010? s)=25.0 x 10° J 
=| 25.0 4j FIG. P34.61 


E NEN: NR 25.0x 10° J 
Y (ar?)e (ner?) (0.060 0 m) (3.00 x 108 mys (1.00 «10? s) 


Uay E 


Uy, 77.37 x 10? J/m? =| 737 mj/m? 


zu 2(737 x10? J/m°) , 
av = = 4.08 x 10* V/m=] 40.8 kV 
ICT C?/N-m? peri eee 


max _ 4.08x10* V/m 
C 3.00 x 10° m/s 


_E 


max 


-1.36x10 ^ T=| 136 wT 


S 
C 


F=PA ( Ja uA - (7.37 x10? J/m?)a(0.0600 m) 2833 x10? N - [83.3 uN 


On the right side of the equation, 


1.60 x10 CJ(100 N/C 
F=ma=gE or ,-& f I / ) 76x 105 m/s? 1 
m 911x107 kg 


-19\? 1334 
qu? — (160x107? J (1.76 x 10°) 
The radiated power is then: = = =|1.75x10 7 W |. 


6z e c? 6n (8.85 x 10? (3.00 x 108) 


2 
Fam =n% | so v=—. 
r 


2 g2p2, (1.6010) (0.350) (0.500) 


2 


5 =5.62x10* m/s?. 
"n (1671077) 


The proton accelerates at a = i 


zu 14? 

l qu? (160x10) (5.62x10*) = 

The proton then radiates P = 37 37|180x10^ W |. 
67 oC"  6z(8.85 x 107 )(3.00 x 10°) 


6.37 x107 Pa 


_S Power 2? 60.0 W 
c 


Ac — 2aríc  27(0.050 0 m)(1.00 m)(3.00 x 10° m/s) 


P34.64 


P34.65 


P34.66 


F=PA= 


SA _(?/A)A 


C C 


Therefore, 0 = 


PL 


(3.00 x 10° (0.060 0) 


P L S 
Lem E A. and T=K0. 
c 2 2c 


=| 3.00 x10 deg |. 
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2cx — 2(3.00 x 108 (1.00 x 107!) 
E? 
The light intensity is I =S = ——. 
2 Loc 
S E 1 5 
The light pressure is P=—= z757 5E 
C 2ugc^ 2 
e E?A 
For the asteroid, PA = ma and a=|— : 
2m 
f =90.0 MHz, Emax 2200x10? V/m=200 mV/m 
€ 
(a) A=—=| 3.33 m 
f 
1 86 
T =—=111x10 111 ns 
f 
Emax -12 
B nax = =6.67 x10" T=] 6.67 pT 
(b) E = (2.00 mV/m)cos2[ : HE - (6.67 pT)Kcos2n{ —— : 
333m 11.1 ns 333m 111 ns 
pi (200x102) 
(c) ]- mex = - s -[531x10? W/m? | 
2uoc 2(4z x10 7 |(3.00 x 10°) 
(d) I- cus, so ay =| 1.77 x107 J/m? 
(2)(5.31 x 10° 
(e) pac | 5 |: 3.54x10 7 Pa 
3.00 x 10 


C 
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*P34.67 (a) m= pV = Psst 


1/3 

1/3 

6(8.7 k 

"(e 2 (87 kg) -|0161 m 
pan (990 kg/m? Az 


(b) A- jar = 2(0.161 m)? =| 0.163 m? 


(c) I-ecT* -0970(5.67 x10? W/m? -K*)(304 K)* =| 470 W/m? 


(d 9 =IA=(470 W/m?)0163 m? =[76.8 W 


E2 
ONE 
2ugc 
1/2 

E max = (2utgcl) ^ = [(8 x107 Tm/AJ(3x10* m/s](470 W/m? ) ” .[595 N/C 
(f) E max = CB max 

Bias eee E 1.98 uT 

3x10" m/s 

(g) The sleeping cats are uncharged and nonmagnetic. They carry no macroscopic current. They 

are a source of infrared radiation. They glow not by visible-light emission but by infrared 

emission. 

e(0.8) |? 
(h) Each kitten has radius r, = - = 0.0728 m and radiating area 
990 x 47 
2/3 
2 2 " 6(5.5) 2 2 
22(0.0728 m)“ 20.0333 m^. Eliza has area 27 eae s 0.120 m*. The total glowing 
x A 


area is 0.120 m? + 4(0.033 3 m?) — 0.254 m? and has power output 
$2 IA - (470 W/m?)0254 m? - [119 W |. 


P34.68 (a) At steady state, 2, = 2 and the power radiated out is 4, =eoAT* 3 


Thus, 0.900(1000 W/m?}A =0.700(5.67x10® W/m?-K4)AT* 


1/4 
900 W/m? 
or T= a — | =[388K |=115°C. 
0.700(5.67x10® W/m? -K*) 
(b) The box of horizontal area A, presents projected area A sin 50.0° perpendicular to the 


sunlight. Then by the same reasoning, 
0.900(1000 W/m?}Asin50.0°=0.700(5.67x10® W/m? -K*JAT* 


1/4 


(900 W/m?)sin50.0° 
or T= =[363 K |=90.0°C. 
0.700(5.67 x10 W/m? -K*) 
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We take R to be the planet's distance from its star. The planet, of radius r, presents a 


projected area zr’ 


At steady-state, 4, = Put: 


; 6.00 x10? W 
Ar R? 


perpendicular to the starlight. 


It radiates over area 4z 1?. 


eli (nr?) - eo(4nr? ]T* 


Je E eo(4nr? \r* so that 6.00 x 10? W 2 16zoR?T* 


6.00 x 102 W 


|. [600x102 W — 
l6zo Tt 162(5.67 x 10 * W/m? ‘K*)(310 K)f 


=| 4.77 x10? m= 4.77 Gm |. 


ANSWERS TO EVEN PROBLEMS 


P34.2 


P34.4 


P34.6 


P34.8 


P34.10 


P34.12 


P34.14 


P34.16 


P34.18 


P34.20 


P34.22 


P34.24 


P34.26 


P34.28 


(a) 2.68 x 10? AD; (b) 8.31 min; (c) 2.56 s; 
(d) 0.133 s; (e) 33.3 us 


733 nT 


E - (300 V/m)cos(62.8x —1.88 x 10"? t); 
B = (1.00 iT) cos(62.8x — 1.88 x 10") 


see the solution 
29x10 m/s+5% 
49.5 mV 


(a) 13.3 nJ/m? ; (b) 13.3 nJ/m?; 
(c) 7.96 W/m? 


516 pT, — 10? times stronger than the 
Earth's field 


(a) 11.9 GW/m? ; (b) 224 kW 


33.4°C for the smaller container and 21.7°C 
for the larger 


(a) 50.096; 

(b) 269 kw/ m? toward the oven chamber; 
(c) 14.2 kV/m 

(a) 497 kW/m? ; (b) 16.6 4J /m°? 

667 pN 


(a) 5.36 N; (b) 893 m/s? ; (c) 10.7 days 


P34.30 


P34.32 


P34.34 


P34.36 


P34.38 


P34.40 


P34.42 


P34.44 


P34.46 


P34.48 


P34.50 


P34.52 


P34.54 


P34.56 


(a) 577 W/m? ; (b) 2.06 x10 W; 

(c) 68.7 MN; (d) The gravitational force is 
~ 10P times stronger and in the opposite 
direction. 


4.09° 
(a) 93.3%; (b) 50.0%; (c) 0 


Am m,c 


eB 


see the solution 


(a) ~ 10? Hz radio wave; 
(b) ~10'° Hz infrared light 


(a) 0.690 wavelengths; 
(b) 58.9 wavelengths 


The radio audience gets the news 8.41 ms 
sooner. 


(a) 187 m to 556 m; (b) 2.78 m to 3.41 m 
~10° J 

(a) see the solution; (b) 378 nm 

(a) 31.4 MW; (b) 0.625 W/m? ; (c) 0.513% 
(a) 23.9 W/m? ; (b) 419 times the standard 


(a) 6.16 uPa; (b) 1.64 x 10'? times less than 
atmospheric pressure 
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P34.58 


P34.60 


P34.62 


P34.64 


(a) 625 kW/m? ; 
(b) 21.7 kN/C and 72.4 LT; (c) 17.8 min 


1/3 2. 23/8 
16mp? 16z?m 
(a)| ——2-| gc; (b)| AP | r?^gc 
on 9 


(a) see the solution; 
(b) 17.6 Tm/s?, 175x107 W; 
(c) 1.80 x 107^ W 


3.00 x 10 deg 


P34.66 


P34.68 


(a) 3.33 m, 11.1 ns, 6.67 pT; 
x t 
3.33m 11.1 ns 


(b) E=(2.00 mV /m) cos zl 


B=(667 pT)kcos2a( ER | 
3.33m 11.1 ns 


(c) 5.31 nW/m?; (d) 177 x10 7 J/m3; 
(e) 3.54x10 7 Pa 


(a) 388 K; (b) 363 K 


} 
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The Nature of Light and the 
Laws of Geometric Optics 


Q35.1 


Q35.2 


ANSWERS TO QUESTIONS 


The ray approximation, predicting sharp shadows, is valid for 
A<<d.For A~d diffraction effects become important, and the 
light waves will spread out noticeably beyond the slit. 


Light travels through a vacuum at a speed of 300 000 km per 
second. Thus, an image we see from a distant star or galaxy 
must have been generated some time ago. For example, the star 
Altair is 16 light-years away; if we look at an image of Altair 


today, we know only what was happening 16 years ago. This 
may not initially seem significant, but astronomers who look at 
other galaxies can gain an idea of what galaxies looked like 
when they were significantly younger. Thus, it actually makes 
sense to speak of "looking backward in time." 


Q35.3 


Moon 


partial eclipse 


no eclipse no eclipse 
` K 
arth’s surface X total eclipse 
(full shadow) 


Note: Figure not at all to scale 


FIG. Q35.3 
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Q35.4 


Q35.5 


The Nature of Light and the Laws of Geometric Optics 


With a vertical shop window, streetlights and his own 
reflection can impede the window shopper's clear view of 
the display. The tilted shop window can put these 
reflections out of the way. Windows of airport control 
towers are also tilted like this, as are automobile 
windshields. 


FIG. Q35.4 


We assume that you and the child are 
always standing close together. For a flat 
wall to make an echo of a sound that you 
make, you must be standing along a normal 
to the wall. You must be on the order of 

100 m away, to make the transit time 
sufficiently long that you can hear the echo 
separately from the original sound. Your 
sound must be loud enough so that you can 
hear it even at this considerable range. In 
the picture, the dashed rectangle represents 
an area in which you can be standing. The 
arrows represent rays of sound. 

Now suppose two vertical 
perpendicular walls form an inside corner 
that you can see. Some of the sound you 
radiate horizontally will be headed 
generally toward the corner. It will reflect 
from both walls with high efficiency to 
reverse in direction and come back to you. 2 
You can stand anywhere reasonably far F O : 
away to hear a retroreflected echo of sound ; UEM 
you produce. 

If the two walls are not 
perpendicular, the inside corner will not 
produce retroreflection. You will generally 
hear no echo of your shout or clap. 

If two perpendicular walls have a 
reasonably narrow gap between them at 


Bc um TO E RE DESEE 
is not the corner line itself that retroreflects 
the sound, but the perpendicular walls on FIG. Q35.4 


both sides of the corner. Diagram (b) 
applies also in this case. 


Q35.6 


Q35.7 


Q35.8 


Q35.9 


Q35.10 


Q35.11 


Q35.12 


Q35.13 


Q35.14 


Q35.15 
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The stealth fighter is designed so that adjacent panels are not joined at right angles, to prevent any 
retroreflection of radar signals. This means that radar signals directed at the fighter will not be 
channeled back toward the detector by reflection. Just as with sound, radar signals can be treated as 
diverging rays, so that any ray that is by chance reflected back to the detector will be too weak in 
intensity to distinguish from background noise. This author is still waiting for the automotive 
industry to utilize this technology. 


An echo is an example of the reflection of sound. Hearing the noise of a distant highway on a cold 
morning, when you cannot hear it after the ground warms up, is an example of acoustical refraction. 
You can use a rubber inner tube inflated with helium as an acoustical lens to concentrate sound in 
the way a lens can focus light. At your next party, see if you can experimentally find the 
approximate focal point! 


No. If the incidence angle is zero, then the ray does not change direction. Also, if the ray travels from 
a medium of relatively high index of refraction to one of lower index of refraction, it will bend away 
from the normal. 


Suppose the light moves into a medium of higher refractive index. Then its wavelength decreases. 
The frequency remains constant. The speed diminishes by a factor equal to the index of refraction. 


If a laser beam enters a sugar solution with a concentration gradient (density and index of refraction 
increasing with depth) then the laser beam will be progressively bent downward (toward the 
normal) as it passes into regions of greater index of refraction. 


As measured from the diagram, the incidence angle is 60°, and the refraction angle is 35°. Using 


sinp i Sgen ana he speed of light in Lucite is 20 x 10* m/s. 
c 


equation 35.3, — , : 
sinÜ, v sin 60? 


The frequency of the light does not change upon refraction. Knowing the wavelength in a 
vacuum, we can use the speed of light in a vacuum to determine the frequency: c = fA, thus 


3.00 x 10? = f (632.8 x 10°), so the frequency is 474.1 THz. To find the wavelength of light in Lucite, 


we use the same wave speed relation, v = fA, so 2.0 x 10° = (4.741 x10" IL ,SO ÅLucite = 420 nm. 


Blue light would be refracted at a smaller angle from the normal, since the index of refraction for 
blue light—a smaller wavelength than red light—is larger. 


The index of refraction of water is 1.33, quite different from 1.00 for air. Babies learn that the 
refraction of light going through the water indicates the water is there. On the other hand, the index 
of refraction of liquid helium is close to that of air, so it gives little visible evidence of its presence. 


The outgoing beam would be a rainbow, with the different colors of light traveling parallel to each 
other. The white light would undergo dispersion upon refraction into the slab, with blue light 
bending towards the normal more than the red light. Upon refraction out of the block, all rays of 
light would exit the slab at the same angle at which they entered the slab, but offset from each other. 


Diamond has higher index of refraction than glass and consequently a smaller critical angle for total 
internal reflection. A brilliant-cut diamond is shaped to admit light from above, reflect it totally at 
the converging facets on the underside of the jewel, and let the light escape only at the top. Glass 
will have less light internally reflected. 
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Q35.16 


Q35.17 


Q35.18 


Q35.19 


Q35.20 


Q35.21 


Q35.22 


Q35.23 
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Light coming up from underwater is bent away from the normal. Therefore the part of the oar that is 
submerged appears bent upward. 


Highly silvered mirrors reflect about 98% of the incident light. With a 2-mirror periscope, that results 
in approximately a 4% decrease in intensity of light as the light passes through the periscope. This 
may not seem like much, but in low-light conditions, that lost light may mean the difference 
between being able to distinguish an enemy armada or an iceberg from the sky beyond. Using 
prisms results in total internal reflection, meaning that 100% of the incident light is reflected through 
the periscope. That is the “total” in total internal reflection. 


Sound travels faster in the warmer air, and thus the sound traveling through the warm air aloft will 
refract much like the light refracting through the nonuniform sugar-water solution in Question 
35.10. Sound that would normally travel up over the tree-tops can be refracted back towards the 
ground. 


The light with the greater change in speed will have the larger deviation. If the glass has a higher 
index than the surrounding medium, X travels slower in the glass. 


Immediately around the dark shadow of my head, I see a halo brighter than the rest of the dewy 
grass. It is called the heiligenschein. Cellini believed that it was a miraculous sign of divine favor 
pertaining to him alone. Apparently none of the people to whom he showed it told him that they 
could see halos around their own shadows but not around Cellini's. Thoreau knew that each person 
had his own halo. He did not draw any ray diagrams but assumed that it was entirely natural. 
Between Cellini's time and Thoreau's, the Enlightenment and Newton's explanation of the rainbow 
had happened. Today the effect is easy to see, whenever your shadow falls on a retroreflecting 
traffic sign, license plate, or road stripe. When a bicyclist's shadow falls on a paint stripe marking the 
edge of the road, her halo races along with her. It is a shame that few people are sufficiently curious 
Observers of the natural world to have noticed the phenomenon. 


Suppose the Sun is low in the sky and an observer faces away from the Sun toward a large uniform 
rain shower. A ray of light passing overhead strikes a drop of water. The light is refracted first at the 
front surface of the drop, with the violet light deviating the most and the red light the least. At the 
back of the drop the light is reflected and it returns to the front surface where it again undergoes 
refraction with additional dispersion as it moves from water into air. The rays leave the drop so that 
the angle between the incident white light and the most intense returning violet light is 40°, and the 
angle between the white light and the most intense returning red light is 42°. The observer can see a 
ring of raindrops shining violet, a ring with angular radius 40? around her shadow. From the locus of 
directions at 42? away from the antisolar direction, the observer receives red light. The other spectral 
colors make up the rainbow in between. An observer of a rainbow sees violet light at 40? angular 
separation from the direction opposite the Sun, then the other spectral colors, and then red light on 
the outside the rainbow, with angular radius 42°. 


At the altitude of the plane the surface of the Earth need not block off the lower half of the rainbow. 
Thus, the full circle can be seen. You can see such a rainbow by climbing on a stepladder above a 
garden sprinkler in the middle of a sunny day. Set the sprinkler for fine mist. Do not let the slippery 
children fall from the ladder. 


Total internal reflection occurs only when light moving originally in a medium of high index of 
refraction falls on an interface with a medium of lower index of refraction. Thus, light moving from 
air (n — 1) to water (n = 1.33) cannot undergo total internal reflection. 


Q35.24 
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A mirage occurs when light changes direction as it moves between batches of air having different 
indices of refraction because they have different densities at different temperatures. When the sun 
makes a blacktop road hot, an apparent wet spot is bright due to refraction of light from the bright 
sky. The light, originally headed a little below the horizontal, always bends up as it first enters and 
then leaves sequentially hotter, lower-density, lower-index layers of air closer to the road surface. 


SOLUTIONS TO PROBLEMS 


Section 35.1 The Nature of Light 


Section 35.2 Measurements of the Speed of Light 


P35.1 


P35.2 


P35.3 


P35.4 


The Moon’s radius is 1.74x 10° m and the Earth's radius is 6.37 x 10° m . The total distance traveled 
by the light is: 


d = 2(3.84 10° m—1.74x10° m — 6.37 x 10° m) =7.52.x 10* m. 


8 
This takes 2.51 s, so p= S7 = 2.995108 m/s - | 299.5 Mnys J. 
f S 
2(1.50 x 105 km)(1 000 m/km 
Ax - ct; ges | - I i ) aazaos m/s =| 227 Mm/s 
t (22.0 min)(60.0 s/min) 


The experiment is most convincing if the wheel turns fast enough to pass outgoing light through 


one notch and returning light through the next: t = — 
C 


2.998 x 10? \[27/(720 
0—-ot- f=) SO O= R = ( i I ak )] =| 114 rad/s : 
c 20 2(11.45 x 10°) 


The returning light would be blocked by a tooth at one-half the angular speed, giving another data 
point. 


(a) For the light beam to make it through both slots, the time for the light to travel the distance d 
must equal the time for the disk to rotate through the angle @ if c is the speed of light, 
d 0 do 


,S0|c- 
Cc o 0 


(b) We are given that 


1.00? (z 
60.0 \ 180° 


2a rad 
1.00 rev 


d=2.50m, 0= Jos x10“ rad, œ 2 5 555 rev/s( )=349104 rad/s 


do (250 m)(3.49x10* rad/s) 


8 
- S CIPUE = 3.00 x10" m/s-| 300 Mm/s 
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Section 35.3 
Section 35.4 
Section 35.5 
*P35.5 (a) 
(b) 

(c) 

P35.6 (a) 
(b) 

*P35.7 (a) 


The Ray Approximation in Geometric Optics 
Reflection 


Refraction 


Let AB be the originally horizontal ceiling, BC its originally vertical A 7B 
normal, AD the new ceiling and DE its normal. Then angle D 
BAD = ¢. By definition DE is perpendicular to AD and BC is 

perpendicular to AB. Then the angle between DE extended and BC E C 
is ó because angles are equal when their sides are perpendicular, 

right side to right side and left side to left side. FIG. P35.5(a) 


Now CBE = ¢ is the angle of incidence of the vertical light beam. Its A D 


angle of reflection is also ¢. The angle between the vertical incident 
beam and the reflected beam is 24. 


E 
FIG. P35.5(b) 
1.40 cm 
tan2¢= = 0.001 94 $ = 0.055 7° 
720 cm 
From geometry, 1.25 m = d sin 40.0? Mirror 2 
so d=| 1.94m |. 


50.0° above the horizontal 


or parallel to the incident ray. 


te 1.25 m » Mirror 1 


FIG. P35.6 


Method One: 
The incident ray makes angle a -90?-6, 


with the first mirror. In the picture, the law of reflection implies 
that 


01 = (A . 
Then B=90°-6! 290-0, =a. FIG. P35.7 
In the triangle made by the mirrors and the ray passing between them, 


p * 90?-y =180° 


y 290-5 
Further, 6=90°-y = B=a 
and e-ó-a. 


Thus the final ray makes the same angle with the first mirror as did the incident ray. Its 
direction is opposite to the incident ray. 


continued on next page 


P35.8 


*P35.9 
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Method Two: 

The vector velocity of the incident light has a component v, perpendicular to the first mirror 
and a component v, perpendicular to the second. The v, component is reversed upon the 
first reflection, which leaves v, unchanged. The second reflection reverses v, and leaves v, 
unchanged. The doubly reflected ray then has velocity opposite to the incident ray. 


(b) The incident ray has velocity vi * vj + v,k . Each reflection reverses one component and 
leaves the other two unchanged. After all the reflections, the light has velocity 


-v i 7 vj = v,k , opposite to the incident ray. 


The incident light reaches the left-hand mirror at distance Mirror Mirror 
(1.00 m) tan 5.00° = 0.087 5 m 


above its bottom edge. The reflected light first reaches the 
right-hand mirror at height 1.00 m 


2(0.087 5 m) - 0.175 m. 


Itbounces between the mirrors with this distance between 


5.00? 
oints of contact with either. CASE 
: it I — 1.00 m —>| 
.00 m 
Si =5.72 
i 0.175m FIG. P35.8 
the light reflects five times from the right-hand mirror and six times from the left |. 


Let d represent the perpendicular distance from the 
person to the mirror. The distance between lamp and 
peson measured parallel to the mirror can be writtenin dtang 
two ways: 2d tan 0 +d tan 0 = d tan 9. The condition on the 
2d 2d 


cosó cos@ cosd 
have the two equations 3tan@ = tan ø and 


2dtanO 
dtan@ 


distance traveled by the light is We 


2cos@=3cos¢. To eliminate ¢ we write 


FIG. P35.9 


9sin^0 sin? ¢ 


cos?0  cos?$ 


4cos? 0 - 9cos? ó 
9 cos? ósin? 0 = cos? e(1 — cos? g) 
4cos? Osin? 0 = cos? di EL e) 


4sin? 07 1- 2(1- sin? 6) 36sin? 0 - 9 — 4+ 4sin? 0 


sin? ja 0 =] 23.3° 
32 
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P3510 Using Snell’s law, sing, = 71 sin 01 
na 


air, = 1 


05 =| 25.5? water m,- 4/3 
A 

Ay =—1=| 442 nm |. 
ni 


FIG. P35.10 
*P35.11 The law of refraction n; sin@, =n, sin@, can be put into the more general form 


£ sin 0, = sind, 

v1 V2 

sinÓ, _ sind, 

ENS 

In this form it applies to all kinds of waves that move through space. 
sin3.5? ^ sin, 

343 m/s 1493 m/s 

sin 0, = 0.266 


0, =| 15.4? 


The wave keeps constant frequency in 


SES 
i A, 43 
ma VA, _ 1493 m/s(0.589 m) - 156m 
Ui 343 m/s 


c 300x105 m/s _ 


- 474x10'* Hz 
A 6328x107 m 


P352 (a) f= 


Aa, _ 632.8 nm 
(b) A glass — 2i EE 


n 1.50 


422 nm 


4,  3.00x10? 
() — vu = 2 = = : s DS 200x105 m/s- [200 Mmjs 
n s 


P35.13  n,sin0,-n;jsin0, 
sin 0, = 1.333sin 45° 
. 8» 
sin 0, = (1.33)(0.707) = 0.943 
m= 1.33 
04 270.5? | 19.5? above the horizon 


FIG. P35.13 


*P35.14 We find the angle of incidence: 
nı sin@; =n, sin@, 
1.333 sin 0, = 1.52 sin 19.6° 
0, = 22.5? 


The angle of reflection of the beam in water is then also | 22.5? |. 
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P35.15 (a) ni sin 04 =n, sin 0, 
1.00 sin 30.0? = n sin 19.24? 
n=| 1.52 


c 3.00 x10° m/s Em 


(c) f= pr erm 474 x 10^ Hz | in air and in syrup. 
00 x 10? 
(d) GEN : = TS 198x105 m/s-[198 Mm/s 
n $ 
8 
(b) PUN 1.98 x 10 EU -A7 am 
f  474x10*/s 
.00 x 108 
P3516 (a) Flint Glass: ao E : MVS 181x105 nys-[181 Mms 
n : 
c 3.00x10? m/s " 
b Water: zc = 2.25 x 10 =| 225 M 
(b) ater v 3 1233 x m/s m/s 
00 x 10? 
c ubic Zirconia: v=—= x mYS _ 136x108 m/s =| 136 Mm/s 
CUBES c 3.00 
n 2.20 
P35.17  n,sin0, =n, sin@,: 1.333 sin 37.0? = n, sin 25.0? 
ny =1.90=<: p=——=158x108 m/s- [158 Mm/s 
v 1.90 


P35.18 sin, =n, sind, 


sin 0, = sin(90.0°-28.0°) = 0.662 


DL. 1 
sin 6, = 
1.333 1.333 


0, = sin ! (0.662) = 41.5° 
| d | 300m 
tan@,  tan41.5? 


=| 3.39 m 


FIG. P35.18 
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P35.19  nsin0, =n sinð; : 0, = ss (eine) 
n» 
me sin 1 Cen }- io 
1.50 


0, and 0, are alternate interior angles formed by the ray cutting 
parallel normals. 


FIG. P35.19 


So, 04 = 05 = 19.5° 
1.50sin 0, =1.00sin 0, 
9, =| 30.0° 
*P35.20 For a + B=90° 
with 01 +a+ B+0, =180° 
we have 0i +6, =90°. n 
Also, 01-64 
and Isin; =nsin@,. 
FIG. P35.20 
Then, sind, =nsin(90-6,)=ncos6, 
me =n=tand, 0, -tan ! n |. 
cos 01 
P35.21 Atentry, n,sin@, =n, sind, N 
or 1.00 sin30.0°= 1.50sin 6; Là eR 
1 
0, =19.5°. ` A 200em 
The distance h the light travels in the medium is given by h 8, 3 " 
e 
das 2.00 cm 
h 
2.00 cm 
n tense tees FIG. P35.21 
The angle of deviation upon entry is a = 0, — 0, =30.0°-19.5° 210.5? . 
d 
The offset distance comes from sina = 7 : d — (2.21 cm)sin10.5°=) 0.388 cm |. 
d ee 2.00 cm 
P35.22 The distance, h, traveled by the light is h = ae 2.12 cm 
cos19. 


c 300x10* m/s 
h 1.50 

_h_ 212x107 m 
v 2.00x10° m/s 


The speed of light in the materialis — o 


Therefore, 


=1.06 x10™ s=| 106 ps |. 


= 2.00 x 10° m/s 


P35.23 


*P35.24 


P35.25 
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Applying Snell's law at the air-oil interface, N 
| 
Nair Sin O = n sin 20.0? ES Lineéed 
ooo oil 
yields 0-30.4? |. BV 


Applying Snell's law at the oil-water interface 


Wat 
1, sin 0' = ni sin 20.0? P i 
| 
yields O = 22.3° |. N' 
FIG. P35.23 


For sheets 1 and 2 as described, 
n sin 26.5? = n, sin31.7? 

0.849n, =n, 

For the trial with sheets 3 and 2, 
n, sin 26.5? = n, sin 36.7? 

0.747n4 =n, 

Now 

0.747n4 =0.849n, 

n, =1.14n, 

For the third trial, 

14 sin 26.5°= n4 sin @3 = 114n, sin 03 


0, =| 23.1° 


Consider glass with an index of refraction of 1.5, which is 3 mm thick. The speed of light in the glass 
is 


1 8 
a BE HU m/s. 
1.5 
ey E 
The extra travel time is SM cm coctus qm ~10™" s|. 


2x10 m/s 3x10? m/s 


For light of wavelength 600 nm in vacuum and wavelength 


T = = 400 nm in glass, 


3x10? m 3x10? m 
4x107 m 6x107 m 


—10? wavelengths |. 


the extra optical path, in wavelengths, is 
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P35.26 Refraction proceeds according to (1.00) sin 0, = (1.66) sind, . (1) 
(a) For the normal component of velocity to be constant,  v,cos6, =v, cos 0, 
C 
Or c)cos 0, =| —— |cos@,. 2 
(ese -( tok. ^— o 
We multiply Equations (1) and (2), obtaining: sin 0, cos0, — sin 0, cos A, 
Or sin 20, — sin20; . 


The solution 0, 205 =0 does not satisfy Equation (2) and must be rejected. The physical 
solution is 20, =180°-26, or 6, 290.0?-0, . Then Equation (1) becomes: 


sind, —1.66cos0, , or tanı =1.66 


which yields 0, =| 58.9° |. 


(b) Light entering the glass slows down and makes a smaller angle with the normal. Both effects 
reduce the velocity component parallel to the surface of the glass, so that component cannot 


remain constant, or will remain constant only in the trivial case | 0; 205 =0 |. 


P35.27 See the sketch showing the path of the 
light ray. e and yare angles of incidence at 
mirrors 1 and 2. 


For triangle abca, 


2a + 2y + f 2180? 


or £=180°-2(a+y). (1) 
d Mirror 1 b 
Now for triangle bcdb, 
(90.0°—a) + (90.0°-7) + 0 = 180° FIG. P35.27 
or O=aty. (2) 


Substituting Equation (2) into Equation (1) gives | / =180°-26 |. 


Note: From Equation (2), y =@-—a . Thus, the ray will follow a path like that shown only if a <0. 


For a>0, yis negative and multiple reflections from each mirror will occur before the incident and 
reflected rays intersect. 
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Section 35.6 | Huygen's Principle 
*P35.28 (a) For the diagrams of contour lines and wave fronts and rays, see Figures (a) and (b) below. 
As the waves move to shallower water, the wave fronts bend to become more nearly parallel 
to the contour lines. 
(b) For the diagrams of contour lines and wave fronts and rays, see Figures (c) and (d) below. 
We suppose that the headlands are steep underwater, as they are above water. The rays are 
everywhere perpendicular to the wave fronts of the incoming refracting waves. As shown, 
the rays bend toward the headlands and deliver more energy per length at the headlands. 
^ / sokade=b 
WY aK 
7 oN 
D - y Headland > 
P4 / 
\ "d Á/ ep ^ 
»p n Mam baa 
| «: Yo | | Lp 1 
M ^M] i | \_t-- 
E k 
A b %, Yo m Headland. A » 
$ % A ro~ 
3) eo —  — IETIVN. N.N JEST f. P P. JESIH d Po T-—-—-————- 
(a) Contour lines (b) Wave fronts (c) Contour lines (d) Wave fronts 
and rays and rays 
FIG. P35.28 
Section 35.7 Dispersion and Prisms 
P35.29 From Fig 35.21 n, = 1.470 at 400 nm and n, =1.458 at 700 nm. 
Then 1.00sin 0 = 1.470 sin 0, and 1.00 sin 0 = 1.458 sin 0, 
6, - 5, =0, -9, = sin e sin? 204 
1.458 1.470 
TA sin (S002 ) s (S000 ETETE 
1.458 1.470 
P35.30 | n(700 nm)- 1.458 


(a) (1.00) sin 75.0? = 1.458 sin 0 ; 0, = 


(b) Let 


41.5? 


So 60.0°-0, - 8; 20— 60.0°-41.5° = 0, = 


(c) 1.458 sin18.5° = 1.00 sin 0, 


6, =| 27.6° 


(d —_¥ =(0; - 9) +[B—(90.0°-8,)| 


y =75.0°-41.5°+(90.0°-18.5°) — (90.0°-27.6°) = 


0, + B 290.0? , 0, +a 290.0? then a+ £+60.0°=180°. 


18.5? |. 


42.6? 


FIG. P35.30 


328 The Nature of Light and the Laws of Geometric Optics 
P35.31 Taking ® to be the apex angle and 6 
the index of refraction of the prism material is 
7 sin|(® + 5 nin)/2 
sin(®/2) 


to be the angle of minimum deviation, from Equation 35.9, 


min 


Solving for ó min, Omin = 2sin ! (n sin 2) -$ = 2sin (2.20) sin(25.0°)]- 50.0*- | 86.8° |. 


P35.32 Note for use in every part: ® + (90.0°-0, ) + (90.0°-8; ) = 180° 
so 0; =P-6,. 
At the first surface the deviation is a=0,-6,. 
At exit, the deviation is f -04,-6,. 
The total deviation is therefore d6=a+f=0,+0,-0,-6,=0,+60,-®. FIG. P35.32 
(a) At entry: nı sin@; =n, sin 0, Or 05- sin ^ = 30.0°. 
Thus, 83 —60.0?—30.0? = 30.0° . 
At exit: 1.50 sin30.0°= 1.00 sin 0, or 0, = sin ' [1.50 sin(30.0°)] = 48.6° 
so the path through the prism is symmetric when 0, = 48.6°. 
(b) ô = 48.6?448.6?—60.0? 2 | 37.2? 
(c) ^ Atenty  sinð, = m = 0, = 28.4? 04 = 60.0°-28.4° = 31.69. 
At exit: sin, = 1.50sin(31.6°) > 0, =51.7° ô = 45.6°+51.7°-60.0° = | 37.3° |. 
(d) ^ Atentry: — sind, = T = — 0, =31.5° 04 = 60.0°-31.5° = 28.5° . 
At exit: sin, = 1.50 sin(28.5°) => 0, = 45.7? 5 =51.6°+45.7°-60.0° = | 37.3° ]. 
P35.33 At the first refraction, 1.00sin 0, =nsin@,. 


The critical angle at the second surface is given by n sin 04 = 1.00: 


or 0, = sin) = 41.8°. 
1.50 
But, 0, —60.0?—0, . 
ls 2 à FIG. P35.33 
Thus, to avoid total internal reflection at the second surface (i.e., have 03 < 41.8?) 
it is necessary that 0, >18.2°. 
Since sind, =nsin@,, this becomes sin 0, > 1.50 sin 18.2? = 0.468 


or 0, >| 27.9° |. 


P35.34 


P35.35 
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At the first refraction, 1.00 sin 04 =nsin0,. 
The critical angle at the second surface is given by 


nsin, =1.00, or 6, - sin? (=) l 
n 
But (90.0°-0,) + (90.0°-0;) + = 180° 


FIG. P35.34 


which gives 0,-0-60,. 


1. : . : 
Thus, to have 03 < sin (2) and avoid total internal reflection at the second surface, 
n 


. .1( 1.00 
it is necessary that 0,» 0-sin! (=) : 
n 
P : : : : : : . 1 ( 1.00 
Since sin 0, =nsin@,, this requirement becomes sin 8, »nsin P —sin | —— 
n 


or 01» uL EE -sin Ea : 
n 


sin (Vn? -1sino EJ j 


V 


Through the application of trigonometric identities, 0, 


For the incoming ray, sin 0, = nen ; 
Using the figure to the right, (92) e = XE = 27.48? 
(65)... - as 28.225 
red 1.62 
FIG. P35.35 
For the outgoing ray, 04 =60.0°-0, 
and sin 8, =nsin 03: (04) ioe = Sin’ [1.66 sin 32.52°] = 63.17° 


6,)__, sin ! [62sin31.78?] = 58.56° . 
red 


The angular dispersion is the difference A0, = (04) iore (04), = 03-17°-58.56° =| 4.61° |. 


Section 35.8 Total Internal Reflection 


P35.36 


nsin@=1. From Table 35.1, 


(a) 0-sin (zs) =| 24.4? 
2.419 


(b) 0-sin ! 53 =| 37.0? 
1.66 


(c) 0-sin! (3 =| 49.8° 
1.309 
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P35.37 


P35.38 


P35.39 


*P35.40 


P35.41 
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sing, = n2. 0. = sin! (22) 
ny ny 
(a) Diamond: 0, =sin! (555) =| 33.4° 
2.419 
(b) Flint glass: 0, - sin! (=) =| 53.4° 
1.66 
(c) Ice: Since n, >n, | there is no critical angle |. 
. 2.00 um 
sig; s Pus as 0, - 47.3 zd 
Npipe 1.36 wa 
Geometry shows that the angle of refraction at the end is ox) px j 
$ —90.0?—0, = 90.0°—47.3° = 42.7° . i 
Then, Snell's law at the end, 1.00 sin 6 = 1.36 sin 42.7° 
gives 0-679? |. FIG. P35.38 


The 2-um diameter is unnecessary information. 


88.8? 


, Ny 
sind, = ze Cool -— 
1 Hot 


n, =n; sin88.8° = (1.000 3)(0.999 8) =| 1.000 08 


FIG. P35.39 


(a) A ray along the inner edge will escape if any ray escapes. Its angle of 


incidence is described by sin@= and by n sin » 1sin90?. Then 


R-d 
NEU. ean: Rea as 
R n-i 
(b) As d 0, Ry, 0. This is reasonable. 
As n increases, Rmin decreases. This is reasonable. FIG. P35.40 
As n decreases toward 1, Rmin increases. This is reasonable. 


1.40(100 x10 m) 


(c) Rmin = =| 350x10° m 
0.40 

From Snell's law, n, sin 84 =n, sin 0, . Penny Dime Pd 
At the extreme angle of viewing, 0; = 90.0? = 

(1.59)(sin 0, ) = (1.00) sin 90.0° . | | 
So 6, =39.0°. d ; 
Therefore, the depth of the air bubble is | | 

r o l [0] 
Th educ —- X ba 
tan 01 tan 01 


or [108 cm<d<117 cm]. FIG. P35.41 


P35.42 


P35.43 
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@ ma 
sinÜi v 
and 6, =90.0° at the critical angle 
sin90.0° 1850 m/s 
sin 0, 343 m/s 
so 6, =sin™1(0.185) =| 10.7° |. 
(b) Sound can be totally reflected if it is traveling in the medium where it travels slower: | air |. 
(c) Sound in air falling on the wall from most directions is 10076 reflected |, so the wallisa 


good mirror. 


For plastic with index of refraction | n 2 1.42 | surrounded by air, the critical angle for total internal 


reflection is given by 


0, -sin! B <sin™ (s = 448°. 
n 1.42 


In the gasoline gauge, skylight from above travels down the plastic. The rays close to the vertical are 
totally reflected from the sides of the slab and from both facets at the lower end of the plastic, where 
it is not immersed in gasoline. This light returns up inside the plastic and makes it look bright. 
Where the plastic is immersed in gasoline, with index of refraction about 1.50, total internal 
reflection should not happen. The light passes out of the lower end of the plastic with little reflected, 
making this part of the gauge look dark. To frustrate total internal reflection in the gasoline, the 


index of refraction of the plastic should be | n < 2.12 |. 


since 0.-sin'! (5) = 45.0°. 
12 


Section 35.9 Fermat‘s Principle 


P35.44 


Assume the lifeguard's initial path makes angle @, with the north- 
south normal to the shoreline, and angle 0, with this normal in 
the water. By Fermat's principle, his path should follow the law of 
refraction: 


; 7. 
sind; v 7.00 m/s - 500 or 0, -an (883) 


sinü; v, 140 m/s FIG. P35.44 


The lifeguard on land travels eastward a distance x = (16.0 m)tan 6; . Then in the water, he travels 
26.0 m- x 2 (20.0 m)tan@, further east. Thus, 26.0 m = (16.0 m)tan 6, (20.0 m)tan 0, 


or 26.0 m - (16.0 m)tan 8; + (20.0 yan sin- (Sft ) 


We home in on the solution as follows: 


[^ deg po [o po pe p —] 


The lifeguard should start running at | 54.8° east of north |. 
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Additional Problems 


*P35.45 Scattered light leaves the center of the photograph (a) in all UE; 
horizontal directions between 0, =0° and 90? from the AN, 
normal. When it immediately enters the water (b), it is (a) HH 


gathered into a fan between 0° and 0, max given by 


n,sin@, =n, sind, 
1.00 sin 90 = 1.333 sin 0» max Ky, 
0, max = 48.6? 


The light leaves the cylinder without deviation, so the S 
viewer only receives light from the center of the l 
photograph when he has turned by an angle less than AA i 9 
48.6°. When the paperweight is turned farther, light at the 
back surface undergoes total internal reflection (c). The 
viewer sees things outside the globe on the far side. (c) 

FIG. P35.45 


P35.46 Let n(x) be the index of refraction at distance x below the top of the atmosphere and n(x =h)=n be 
its value at the planet surface. 


Then, n(x) = 1.000 + (= ; 
(a) The total time interval required to traverse the atmosphere is 

h h h 

Az [A [00a t L| ooo (2-999) [ax 
que" gene e h 
" 2 
AK h x (n—-1.000)[ h^ | - (E l 
c ch 2 c 2 
(b) The travel time in the absence of an atmosphere would be 4 . 
c 


1. 
Thus, the time in the presence of an atmosphere is E times larger |. 


P35.47 Let the air and glass be medium 1 and 2, respectively. By Snell'slaw, — n;sin0, =n, sin 0; 


Or 1.56sin 0; =sin 04. 

But the conditions of the problem are such that 0, = 20, . 1.56sin 0, = sin 20,. 

We now use the double-angle trig identity suggested. 1.56sin 0, = 2sin 0, cos, 
or cos, = 0.780. 


Thus, 0; =38.7° and 0, 220, =| 77.5° |. 


P35.48 


P35.49 


P35.50 


(a) 01 =9, =| 30.0° | n,sin0, =n, sin@, 


1.00sin30.0°= 1.55 sin 0; 


0, = 


18.8° 


(b) 8, = 0, =| 30.0° o= f 


nı iA 


n» 
1.55 sin 30.0? 


= sin? 


1 


)- 
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FIG. P35.48 


50.8° 


(c), (d) The other entries are computed similarly, and are shown in the table below. 


(c) air into glass, angles in degrees 


incidence reflection 


For water, sin, = n . 

4/3 4 
Thus 0, = sin ! (0.750) = 48.6° 
and d= 2|(1.00 m)tan 0.] 


d = (2.00 m)tan48.6? = 


Call 0, the angle of incidence and of reflection on the 


refraction 


2.27 m |. 


left face and 0, those angles on the right face. Let a 


represent the complement of 0, and £ be the 


complement of 0, . Now a=y and fj-ó because 


they are pairs of alternate interior angles. We have 


A-yctó-actf 


and B=a+A+f=a+Bt+A= 


2A |. 


(d) glass into air, angles in degrees 


incidence reflection refraction 


FIG. P35.50 
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* P35.52 


P35.53 
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(a) We see the Sun moving from east to west across the sky. Its angular speed is 


AQ  2zrad 
At 86 400s 


O= 2727 x10 rad/s . 


The direction of sunlight crossing the cell from the window changes at this rate, moving on 
the opposite wall at speed 


v= re = (2.37 m(727 x10? rad/s)=1.7210* m/s =| 0.172 mm/s |. 


(b) The mirror folds into the cell the motion that would occur in a room twice as wide: 
v-ro =2(0.174 mm/s) =| 0.345 mm/s |. 


(c), (d) As the Sun moves southward and upward at 50.0°, we may regard the corner of the window 


as fixed, and both patches of light move | northward and downward at 50.0? |. 


45^ 167.5? 


(a) 45.0? as shown in the first figure to the right. Bue 


If grazing angle is halved, the number of reflections from 
the side faces is doubled. FIG. P35.52 


Horizontal light rays from the setting Sun pass 
above the hiker. The light rays are twice refracted 
and once reflected, as in Figure (b). The most 
intense light reaching the hiker, that which 
represents the visible rainbow, is located between 
angles of 40° and 42° from the hiker’s shadow. 


l Re km—| 
The hiker sees a greater percentage of the violet : 
inner edge, so we consider the red outer edge. The Figure (a) 
radius R of the circle of droplets is 


Sunlight 
R = (8.00 km)sin 42.0? = 5.35 km. 


Then the angle ¢, between the vertical and the 
radius where the bow touches the ground, is given 


by 
2.00km 2.00 km 
os p= = 
R 5.35 km 


or ~=68.1°. 


The angle filled by the visible bow is Figure (b) 
360°-(2 x 68.19) = 224° 


= 0.374 


FIG. P35.53 


o 


so the visible bow is = =| 62.2% of a circle |. 


0° 


P35.54 


P35.55 


P35.56 


P35.57 


Light passing the top of the pole makes an angle of incidence 
$4 =90.0°—@. It falls on the water surface at distance from the pole 


L-d 
$1 = 
tang 
and has an angle of refraction $5 from 1.00sing, =nsing,. 
Then S =dtang, 


and the whole shadow length is 


S4 +S zeA on sin! Sms 
Lora tan 0 n 


S1 +s ate sin | cosy 
17 tang n 


z, 200 800 m)tan sin SE") =| 3.79 m 
tan 40.0° 1.33 


As the beam enters the slab, 


1.00 sin 50.0° = 1.48 sin 0, 


Chapter 35 
~~ 
9; 
L 
95 d 
| vov 
=e $5 «— $4 —> 


FIG. P35.54 


giving 05-312. 


FIG. P35.55 


1.55 mm 
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The beam then strikes the top of the slab at x, = ———— from the left end. Thereafter, the beam 


tan31.2? 


strikes a face each time it has traveled a distance of 2x, along the length of the slab. Since the slab is 


420 mm long, the beam has an additional 420 mm —x, to travel after the first reflection. The number 


of additional reflections is 


420mm-x,  420mm-1.55 mm/tan31.2° 
DX 3.10 mm/tan31.2° 


since the answer must be an integer. The total number of reflections made in the slab is then | 82 |. 


; sro x 2 
(a) si | d [2 1) “hae 


=81.5 or 81 reflections 


$1 [n +n 1.52 +1.00 
S; [n,-m | [100-1527 
(b) If medium 1 is glass and medium 2 is air, Paj a -| : - | = 0.0426 . 
Sı |nj4n 1.00 + 1.52 
There is | no difference |. 
(a) With n,=1 
and n, =n 
Sr ans 
the reflected fractional intensity is : -( 
Sı \n+1 
The remaining intensity must be transmitted: 
$, 1 (sz - em -e-m teen 4n 
Sı n+1 (n+1) (n+1) (n1) 


continued on next page 
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P35.58 


P35.59 
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2 
— 4(2.419 
Œ)  Atenry, = 2 =1 E *] ane) ORAN: 
Sı n+1) (2419-1) 
At exit, 2 —0.828. 
5; 
Overall, 2s [Ss [. 52 (0.828)? = 0.685 
91 452 AS; 
Or 68.5% |. 
Define T = Sard as the transmission coefficient for one 100% j pi 
n+1) — |—— 
encounter with an interface. For diamond and air, it is 0.828, as (1-T) 
in Problem 57 got) 
j T?(1-T) T2(1-T)? 
As shown in the figure, the total amount transmitted is « T_T) "id > 
T? +T?(1-T) +T? Wen) er ist) TO-T)? 
2n 21-T33 « 2¢4_T)4 
FR a Lae et) — cla 
We have 1- T =1 -0.828 =0.172 so the total transmission is 
2(1—T35 T5 
(0.828) |1 + (0.172)? +(0.172)* +(0.172)° m gee o 


To sum this series, define F = 1+(0.172)* +(0.172)* +(0.172)° +... 


FIG. P35.58 
Note that (0.172)? F = (0.172)? +(0.172)* + (0.172)? +...,and 
1+(0.172)°F = 1 + (0.172)? + (0.172)* +(0.172)° +...=F. 
Then, 12 F- (0.172) F or F = — 
1-(0.172) 
0.828)" 

The overall transmission is then EU —- 0.706 or | 70.6% |. 

1- (0.172) 
Define n, to be the index of refraction of the surrounding medium and n, to 0 


be that for the prism material. We can use the critical angle of 42.0? to find the Surface 1 


ratio “2; 
ny 
n, sin 42.0? = n, sin 90.0° . 
So, C $n 
ni  sin42.0? 


Call the angle of refraction 0, at the surface 1. The ray inside the prism forms 


a triangle with surfaces 1 and 2, so the sum of the interior angles of this FIG. P35.59 
triangle must be 180°. 

Thus, (90.0°-0, ) + 60.0°+(90.0°—42.0°) = 180°. 

Therefore, 05 =18.0°. 

Applying Snell's law at surface 1, nı sin 0, =n, sin 18.0° 


sino, = (22) sin 0, = 1.49 sin 18.0? 01 2 27.5? |. 
ni 


*P35.60 


P35.61 


(a) 


(b) 


(a) 


(b) 


(c) 


As the mirror turns through angle 6, the angle of incidence 


increases by Qand so does the angle of reflection. The incident ray 


is stationary, so the reflected ray turns through angle 20 . The 
angular speed of the reflected ray is 2@,, . The speed of the dot of 


light on the circular wall is | 2o,,R |. 


The two angles marked ĝin the figure to the right are equal 
because their sides are perpendicular, right side to right side and 
left side to left side. 


. 8 ds 
x? +d? dx 


and B uoa A . 


dt 


So dx - 4x? IP x a 
dt l 


For polystyrene surrounded by air, internal reflection requires 


We have cosĝ = 


Then from geometry, 05, =90.0°—0; = 47.8°. 


From Snell’s law, sin 6, =1.49 sin 47.8° = 1.10 . 


This has no solution. 


Therefore, total internal reflection always happens |. 


For polystyrene surrounded by water, 03 =sin™ (S z) 63.2° 


and 0, = 26.8° . 


From Snell’s law, 01 =| 30.3° |. 


No internal refraction is possible 
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FIG. P35.60 


FIG. P35.61 


since the beam is initially traveling in a medium of lower index of refraction. 
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P35.63 
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The picture illustrates optical sunrise. At the center of the earth, 


6.37x 10° m 
6.37 x10° m+8 614 
= 2.98? 

0, = 90 — 2.98? = 87.0° 


cos g= 


At the top of the atmosphere 


nı sin@; =n, sin@, 

1sin 8, = 1.000 293 sin 87.0? 
01 = 87.4° 

Deviation upon entry is 

ô = 87.364°—87.022° = 0.342? 


Sunrise of the optical day is before geometric sunrise by 0342| 


occurs later too, so the optical day is longer by 


4.00 cm 


tan 6, = 7 


and 


Snell's law in this case is: 


Squaring both sides, 


Substituting (2) into (1), 


Defining x - sin? 0 ; 


Solving for x, 


From x we can solve for 0, : 


Thus, the height is 


164s |. 


2.00 cm 


tan 0, = 


tan? 6, - (2.00tan 6; ? =4.00tan? 0, 


st) 
ol 0> . 
1-sin* 0, 


n sin, =n, sind, 


sin? 0, 


1-sin? 0, 


sin ĝ4 =1.333 sin @,. 


sin? 6, 2 1777sin? 0,. 


n, "DÀ 

1.777 sin 0> -400 Sin 0> l 
1-1.777 sin“ 0, 1-sin* 0, 

0444 1 
1-1777x 1-x' 
0.444 — 0.444x 21—1.777x and 
0, -sin ! /0.417 = 40.22. 

A 2.00 cm a 2.00 cm -[236amnl. 

tanO, | tan40.2? 


86 400 s 


FIG. P35.62 


= 82.2 s. Optical sunset 


: 


(2) 


—>|2.00 cm I-— 


FIG. P35.63 


x=0.417. 


P35.64 


P35.65 
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ô = 0, —05 =10.0° and n,sin@, =n, sin 0, 
À 4 
with CL dai 
Thus, 0, =sin (n, sin@,)=sin [n; sin(0, — 10.0*)] l 


(You can use a calculator to home in on an approximate solution to this equation, testing different 


values of 0, until you find that 6, =| 36.5° |. Alternatively, you can solve for 0, exactly, as shown 


below.) 
; : 4, 
We are given that sind, = zno -—10.0°). 
This is the sine of a difference, so sin 6, = sin 0, cos10.0?— cos 0, sin10.0°. 
: E 3). 
Rearranging, sin10.0? cos 0, =| cos 10.0°— ü sin 04 
aU e en) ad 0, = tan (0.740) - | 36.5° |. 
cos 10.0°—0.750 
To derive the law of reflection, locate point O so that the time of travel A | B| 


from point A to point B will be minimum. 


The total light path is L = asec, +bsec0,. 


The time of travel is t= B sec 0, *- bsec; ). 
v 


FIG. P35.65 
If point O is displaced by dx, then 
at=(2) sec 0, tan6,d0, +bsec@, tan05d05) - 0 (1) 
v 
(since for minimum time dt=0). 
Also, c+d=atan0; +btan@, = constant 
so, asec’ 6,d0, + bsec? 0,d0, - 0. (2) 


Divide equations (1) and (2) to find | 6, = 0, 
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P35.66 


P35.67 


The Nature of Light and the Laws of Geometric Optics 


Observe in the sketch that the angle of incidence at point P is y, and 
using triangle OPQ: 


—_—— 
I EN S 
siny =—. | Of 
y R * 


iN | 
\ 
| R 8 
VR? -L L 4 
Also, cosy = J1-sin y - — ——. |; , \ 
dd 


Applying Snell’s law at point P, 1.00siny =nsing. Q O 
cog SHE L 
Thus, sing = TU FIG. P35.66 


BEES, 
and cos $ — 41 - sin? NL. 
n 


From triangle OPS, 9 + (a 4- 90.09) +(90.0°-7) = 180? or the angle of incidence at point Sis «=y — 9. 
Then, applying Snell's law at point 5 


gives 1.00 sin @=nsina =nsin(y — 9) 


rjr 4g2- D | L ) 


or sin 0 = n|sin y cosó — cosy sin ġ|= n 
[siny cos ø- cosy sin 4] [E zm x 


sind = e E E -17 ) 
R 


and Q= sin | (VRE -ARET )| l 


As shown in the sketch, the angle of incidence at point A is: 


0-sin! dia = XE =| =30.0°. 
R 2.00 m 


If the emerging ray is to be parallel to the incident ray, the path 
must be symmetric about the centerline CB of the cylinder. In 
the isosceles triangle ABC, 


y=a and p -180?-0. 


Therefore, æ+ f * y 2180? FIG. P35.67 
becomes 2a + 180?—0 = 180? 
Or a= d = 15.0°. 

2 


Then, applying Snell's law at point A, 
nsina =1.00sin@ 


P sin sin30.0° 
sina sin15.0° 


Or =| 1.93 |. 


*P35.68 


P35.69 


(a) 


(b) 


(a) 


(b) 


(c) 


The apparent radius of the glowing sphere 
is R} as shown. For it 
sino, = on 
2 
sin 0, = Ba 
2 
nsin@, =1sin@, 
R 
foes 
Ro R 


R, — nk, 


If nR, > R;, then sin@, cannot be equal to 


a. The ray considered in part (a) 


2 
undergoes total internal reflection. In this 
case a ray escaping the atmosphere as 
shown here is responsible for the apparent 
radius of the glowing sphere and 
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R,=R, |. FIG. P35.68(b) 
At the boundary of the air and glass, the critical angle is given by B air 
PN 


d/4 i B' 
Consider the critical ray PBB’: tano, = / or PI = d 7 d/4\ p 
t cos, 4t 
d 

Squaring the last equation gives: sin” Cie sin? E -( d J 

1 2 2 
Since sin 0, =—, this becomes E - B or |n=,/1+ B 

n n*-1 4t d 
Solving for d, d- e 

n? -1 
4(0.600 cm) _ 


Thus, if 1 21.52 and t=0.600 cm, d= 


Pi) ee | 


2.10 cm |. 


Since violet light has a larger index of refraction, it will lead to a smaller critical angle and 


the inner edge of the white halo will be tinged with 


violet | light. 
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The Nature of Light and the Laws of Geometric Optics 


From the sketch, observe that the angle of 
incidence at point A is the same as the 
prism angle @at point O. Given that 

0 = 60.0° , application of Snell's law at 
point A gives 


1.50sin 2 = 1.00 sin 60.0? or B=35.3°. 


From triangle AOB, we calculate the angle Ò 
of incidence (and reflection) at point B. 


FIG. P35.70 
0 = (90.0°- 8) + (90.0°-7) = 180° so y = 0- 8 = 60.0°-35.3° = 24.7° . 
Now, using triangle BCQ: (90.0°—y) + (90.0°—8) + (90.0°-8) = 180° . 
Thus the angle of incidence at point C is 6 = (90.0°-0) — y = 30.0°-24.7° = 5.30° . 


Finally, Snell’s law applied at point C gives 1.00sin ¢ = 1.50 sin 5.30° 


or 


(a) 


(b) 


¢=sin ! (1.50sin 5.30?) =| 7.96? |. 


Given that 6, 245.0? and 6, =76.0°. 
Snell's law at the first surface gives 
n sin æ =1.00sin 45.0? (1) 


Observe that the angle of incidence at the second 
surface is 


B=90.0°-a . 


Thus, Snell’s law at the second surface yields 


n sin B 2 nsin(90.0?—a) = 1.00 sin 76.0? 


FIG. P35.71 
Or n cosa — sin76.0? . (2) 
sin 45.0? 
Dividing Equation (1) by Equation (2), tana = ———— = 0.729 
ividing Equation (1) by Equation (2) sin76.0* 
Or a=361°. 
in45.0?  sin45.0? 
Then, from Equation (1), ps au ca PLN 1.20 |. 
sina sin 36.1? 


L 
From the sketch, observe that the distance the light travels in the plastic is d - —— . Also, 
sing 


the speed of light in the plastic is v = 2 , So the time required to travel through the plastic is 
n 


AES d nL - 1.20(0.500 m) 


-— =3.40 x10? s=] 3.40 ns |. 
v csina  (3.00x10* m/s)sin36.1° 


P35.72 


sinô;  sin6, EHI 
sin 0, 

0.174 0.131 1.3304 
0.342 0.261 1.3129 
0.500 0.379 1.3177 
0.643 0.480 1.3385 
0.766 0.576 1.3289 
0.866 0.647 1.3390 
0.940 0.711 1.3220 
0.985 0.740 1.3315 
The straightness of the graph line demonstrates Snell’s 
proportionality. 
The slope of the line is 7 = 1.327 6 + 0.01 
and n=| 1.328+0.8% |. 
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sin Oair 


sin O water 


FIG. P35.72 


ANSWERS TO EVEN PROBLEMS 


P35.2 


P35.4 


P35.6 


P35.8 


P35.10 


P35.12 


P35.14 


P35.16 


P35.18 


P35.20 


P35.22 


P35.24 


P35.26 


P35.28 


227 Mm/s 
(a) see the solution; (b) 300 Mm/s 


(a) 1.94 m; (b) 50.0° above the horizontal: 
antiparallel to the incident ray 


five times by the right-hand mirror and 
six times by the left-hand mirror 


25.5°; 442 nm 
(a) 474 THz; (b) 422 nm; (c) 200 Mm/s 
22.5? 


(a) 181 Mm/s; (b) 225 Mm/s; 
(c) 136 Mm/s 


3.39 m 

0, -tan ! n 

106 ps 

23.1? 

(a) 58.9°; (b) Only if 0; 20, 20 


see the solution 


P35.30 


P35.32 


P35.34 


P35.36 


P35.38 


P35.40 


P35.42 


P35.44 


P35.46 


P35.48 


P35.50 


P35.52 


P35.54 


(a) 41.5°; (b) 18.5°; (c) 27.6°; (d) 42.6° 


(a) see the solution; (b) 37.2°; (c) 37.3°; 
(d) 37.3° 


sin (Vi? —1sin® -coso ) 


(a) 24.4°; (b) 37.0°; (c) 49.8° 


67.2 
nd 
(a) "T (b) yes; (c) 350 um 


(a) 10.7°; (b) air; (c) Sound falling on the 
wall from most directions is 100% 
reflected. 


54.8? east of north 


n+1 
2 


times 
2 


(a) “(2 a j (b) larger by 
C 

see the solution 

see the solution 


(a) 45.0*; (b) yes; see the solution 


3.79 m 
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P35.56 


P35.58 


P35.60 


P35.62 


P35.64 


0.706 


(a) 20 „R; (b) 20 m 


164s 


36.5° 


The Nature of Light and the Laws of Geometric Optics 
(a) 0.042 6; (b) no difference 


x? +d? 


P35.66 


P35.68 


P35.70 


P35.72 


gs sin (Viene -P4m.p ) 


(a) nR,; (b) R; 
7.96? 


see the solution; n = 1.328 + 0.896 
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Image Formation 


Q36.1 


ANSWERS TO QUESTIONS 


The mirror shown in the textbook picture produces an inverted 
image. It actually reverses top and bottom. It is not true in the 
same sense that "Most mirrors reverse left and right." Mirrors 
don't actually flip images side to side—we just assign the labels 
"left" and “right” to images as if they were real people 
mimicking us. If you stand face to face with a real person and 
raise your left hand, then he or she would have to raise his or 
her right hand to "mirror" your movement. Try this while 
facing a mirror. For sake of argument, let's assume you are 
facing north and wear a watch on your left hand, which is on 
the western side. If you raise your left hand, you might say that 
your image raises its right hand, based on the labels we assign 
to other people. But your image raises its western-side hand, 
which is the hand with the watch. 


With a concave spherical mirror, for objects beyond the focal length the image will be real and 
inverted. For objects inside the focal length, the image will be virtual, upright, and magnified. Try a 
shaving or makeup mirror as an example. 


With a convex spherical mirror, all images of real objects are upright, virtual and smaller than the 
object. As seen in Question 36.2, you only get a change of orientation when you pass the focal 
point—but the focal point of a convex mirror is on the non-reflecting side! 


The mirror equation and the magnification equation apply to plane mirrors. A curved mirror is 
made flat by increasing its radius of curvature without bound, so that its focal length goes to infinity. 


1 


From 2 + tale 0 we have Be ; therefore, p=—q. The virtual image is as far behind the mirror 


P 4 


as the object is in front. The magnification is M =- 


size. 


p 


=1. The image is right side up and actual 


"ou 


4 
p 


Stones at the bottom of a clear stream always appears closer to the surface because light is refracted 
away from the normal at the surface. Example 36.8 in the textbook shows that its apparent depth is 


three quarters of its actual depth. 
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Q36.6 For definiteness, we consider real objects (p » 0). 


(a) For M - - 2. to be negative, q must be positive. This will happen in LE d if p> f,ifthe 
P q 


object is farther than the focal point. 


(b) For M - - 2. tobe positive, q must be negative. 
p 


From Um E we need p< f. 
q f p 
(c) For a real image, q must be positive. 


As in part (a), it is sufficient for p to be larger than f. 
(d) For q <0 we need p< f. 


(e) For |M|>1, we consider separately M <-1 and M>1. 


It M=-1<-1, we need dd Or q>p 
P P 
1 1 
Or —«-— 
q p 
1 1 1 1 1_1 2. 1 
From —+—=-—, —+—>— or —»— 
pa f p p p f 
or Pf Or p<2f. 
Now if -L31 or  -q»p Or q«-p 
p 
: : 1 1 1 : 1 
we may require q « 0, since then —-——— with —>0 
p f qd f 
avid d ; 
gives —» —— as required Or -p» gq. 
P 4 
Khan ced c esed p<f. 
q fr 


Thus the overall condition for an enlarged image is simply p « 2f . 

(f) For |M| « 1, we have the reverse of part (e), requiring p » 2f . 
Q36.7 Using the same analysis as in Question 36.6 except f <0. 

(a) Never. 
(b) Always. 
(c) Never, for light rays passing through the lens will always diverge. 
(d) Always. 
(e) Never. 


(f) Always. 


Q36.8 


Q36.9 


Q36.10 


Q36.11 


Q36.12 


Q36.13 


Q36.14 
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We assume the lens has a refractive index higher than its surroundings. For the biconvex lens in 


Figure 36.27(a), R, » 0 and R, «0. Then all terms in (n a 1 | are positive and f » 0. For the 


de Ue 
Ri R 
other two lenses in part (a) of the figure, R, and R, are both positive but R, is less than R5. Then 


a > L and the focal length is again positive. 
Ri Rz 


For the biconcave lens and the plano-concave lens in Figure 36.27(b), R, <0 and R, > 0. Then 


both terms are negative in z^ Em and the focal length is negative. For the middle lens in part (b) 
1 ^2 


1 1 
of the figure, R, and R, are both positive but R, is greater than R,. Then A « — and the focal 
1 A2 
length is again negative. 


Both words are inverted. However OXIDE has up-down symmetry whereas LEAD does not. 


An infinite number. In general, an infinite number | 
of rays leave each point of any object and travel in 
all directions. Note that the three principal rays 
that we use for imaging are just a subset of the 
infinite number of rays. All three principal rays can 
be drawn in a ray diagram, provided that we 
extend the plane of the lens as shown in 

Figure Q36.10. 


FIG. Q36.10 


In this case, the index of refraction of the lens material is less than that of the surrounding medium. 
Under these conditions, a biconvex lens will be diverging. 


Chromatic aberration arises because a material medium’s refractive index can be frequency 
dependent. A mirror changes the direction of light by reflection, not refraction. Light of all 
wavelengths follows the same path according to the law of reflection, so no chromatic aberration 
happens. 


This is a convex mirror. The mirror gives the driver a wide field of view and an upright image with 
the possible disadvantage of having objects appear diminished. Your brain can then interpret them 
as farther away than the objects really are. 


As pointed out in Question 36.11, if the converging lens is immersed in a liquid with an index of 
refraction significantly greater than that of the lens itself, it will make light from a distant source 
diverge. This is not the case with a converging (concave) mirror, as the law of reflection has nothing 
to do with the indices of refraction. 
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Q36.15 


Q36.16 


Q36.17 


Q36.18 


Q36.19 


Q36.20 


Q36.21 


Image Formation 


As in the diagram, let the center of curvature C of the fishbowl 

and the bottom of the fish define the optical axis, intersecting RC 

the fishbowl at vertex V. A ray from the top of the fish that 

reaches the bowl surface along a radial line through C has ii 

angle of incidence zero and angle of refraction zero. This ray i V 
exits from the bowl unchanged in direction. A ray from the top C OI 

of the fish to V is refracted to bend away from the normal. Its 

extension back inside the fishbowl determines the location of 

the image and the characteristics of the image. The image is 

upright, virtual, and enlarged. 


FIG. Q36.15 


Because when you look at the FTOMAJUEMA in your rear view mirror, the apparent left-right 
inversion clearly displays the name of the AMBULANCE behind you. Do not jam on your brakes 
when a MIAMI city bus is right behind you. 


The entire image is visible, but only at half the intensity. Each point on the object is a source of rays 
that travel in all directions. Thus, light from all parts of the object goes through all unblocked parts 
of the lens and forms an image. If you block part of the lens, you are blocking some of the rays, but 
the remaining ones still come from all parts of the object. 


With the meniscus design, when you direct your gaze near the outer circumference of the lens you 
receive a ray that has passed through glass with more nearly parallel surfaces of entry and exit. 
Thus, the lens minimally distorts the direction to the object you are looking at. If you wear glasses, 
turn them around and look through them the wrong way to maximize this distortion. 


The eyeglasses on the left are diverging lenses that correct for nearsightedness. If you look carefully 
at the edge of the person’s face through the lens, you will see that everything viewed through these 
glasses is reduced in size. The eyeglasses on the right are converging lenses, which correct for 
farsightedness. These lenses make everything that is viewed through them look larger. 


The eyeglass wearer's eye is at an object distance from the lens that is quite small—the eye is on the 
order of 10 ? meter from the lens. The focal length of an eyeglass lens is several decimeters, positive 
or negative. Therefore the image distance will be similar in magnitude to the object distance. The 
onlooker sees a sharp image of the eye behind the lens. Look closely at the left side of Figure Q36.19 
and notice that the wearer's eyes seem not only to be smaller, but also positioned a bit behind the 
plane of his face—namely where they would be if he was not wearing glasses. Similarly, in the right 
half of Figure Q36.19, his eyes seem to be in front of the plane of his face and magnified. We as 
Observers take this light information coming from the object through the lens and perceive or 
photograph the image as if it were an object. 


In the diagram, only two of the three principal rays have 
been used to locate images to reduce the amount of visual 
clutter. The upright shaded arrows are the objects, and the 
correspondingly numbered inverted arrows are the images. 
As you can see, object 2 is closer to the focal point than 
object 1, and image 2 is farther to the left than image 1. 


FIG. Q36.21 


Q36.22 


Q36.23 


Q36.24 


Q36.25 


Q36.26 


Q36.27 
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Absolutely. Only absorbed light, not transmitted light, contributes internal energy to a transparent 
object. A clear lens can stay ice-cold and solid as megajoules of light energy pass through it. 


One can change the f number either by changing the focal length (if using a “zoom” lens) or by 
changing the aperture of the camera lens. As the f number increases, the exposure time required 
increases also, as both increasing the focal length or decreasing the aperture decreases the light 
intensity reaching the film. 


Make the mirror an efficient reflector (shiny). Make it reflect to the image even rays far from the axis, 
by giving it a parabolic shape. Most important, make it large in diameter to intercept a lot of solar 
power. And you get higher temperature if the image is smaller, as you get with shorter focal length; 
and if the furnace enclosure is an efficient absorber (black). 


For the explanation, we ignore the lens and consider two objects. Hold your two thumbs parallel 
and extended upward in front of you, at different distances from your nose. Alternately close your 
left eye and your right eye. You see both thumbs jump back and forth against the background of 
more distant objects. Parallax by definition is this apparent motion of a stationary object (one 
thumb) caused by motion of the observer (jumping from right eye to left eye). Your nearer thumb 
jumps by a larger angle against the background than your farther thumb does. They will jump by 
the same amount only if they are equally distant from your face. The method of parallax for 
adjusting one object so that it is the same distance away from you as another object will work even if 
one ‘object’ is an image. 


The artist’s statements are accurate, perceptive, and eloquent. The image you see is “almost one’s 
whole surroundings,” including things behind you and things farther in front of you than the globe 
is, but nothing eclipsed by the opaque globe or by your head. For example, we cannot see Escher's 
index and middle fingers or their reflections in the globe. 

The point halfway between your eyes is indeed the focus in a figurative sense, but it is not an 
optical focus. The principal axis will always lie in a line that runs through the center of the sphere 
and the bridge of your nose. Outside the globe, you are at the center of your observable universe. If 
you wink at the ball, the center of the looking-glass world hops over to the location of the image of 
your open eye. 


The three mirrors, two of which are shown as M 
and N in the figure to the right, reflect any incident 
ray back parallel to its original direction. When you 
look into the corner you see image I, of yourself. 


FIG. Q36.21 
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Q36.28 


Image Formation 


You have likely seen a Fresnel mirror for sound. 
The diagram represents first a side view of a band 
shell. It is a concave mirror for sound, designed to 
channel sound into a beam toward the audience in 
front of the band shell. Sections of its surface can 
be kept at the right orientations as they are pushed 
around inside a rectangular box to form an 
auditorium with good diffusion of sound from 
stage to audience, with a floor plan suggested by 
the second part of the diagram. 


FIG. Q36.28 


SOLUTIONS TO PROBLEMS 


Section 36.1 Images Formed by Flat Mirrors 


P36.1 


P36.2 


I stand 40 cm from my bathroom mirror. I scatter light, which travels to the mirror and back to me in 
time 

0.8m 
3x10? m/s 


—10^ s 


showing me a view of myself as I was at that look-back time. I’m no Dorian Gray! 


The virtual image is as far behind the mirror as the choir is in front View Looking Down 
of the mirror. Thus, the image is 5.30 m behind the mirror. The South 
image of the choir is 0.800 m + 5.30 m = 6.10 m from the organist. image of choir Q 
Using similar triangles: mirror g 
h 610m 9 A 
0.600 m 0.800 m 7 d ii 
i 0 
Organist ' 

or h' = (0.600 zi SUM )- 4.58 m |. * TE g 
0.800 m e—a 5.30 m 


FIG. P36.2 
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P36.3 The flatness of the mirror is described 

by R=o0, f=% 

and LE 0. 
f 

By our general mirror equation, 
1.11 FIG. P36.3 
paf 

Or q--p. 

Thus, the image is as far behind the mirror as the person is in front. The magnification is then 
M= -1= ht 

p h 
so h' =h=70.0 inches . 


The required height of the mirror is defined by the triangle from the person’s eyes to the top and 
bottom of his image, as shown. From the geometry of the triangle, we see that the mirror height 


must be: 
e P «£t 
p-q ap) 2 


Thus, the mirror must be | at least 35.0 inches high |. 


P36.4 A graphical construction produces 5 images, with images I, and I, ANE / 
directly into the mirrors from the object O, I; X A 
No 
and (O, L, I4) \/ b co 
/ Oc» ? 
and (L,H,lIj) 
I / 
forming the vertices of equilateral triangles. Ü 7 L 
1 
FIG. P36.4 


P36.5 (1) The first image in the left mirror is 5.00 ft behind the mirror, or | 10.0 ft | from the position of 


the person. 


(2) The first image in the right mirror is located 10.0 ft behind the right mirror, but this location 
is 25.0 ft from the left mirror. Thus, the second image in the left mirror is 25.0 ft behind the 


mirror, or | 30.0 ft | from the person. 


(3) The first image in the left mirror forms an image in the right mirror. This first image is 20.0 ft 
from the right mirror, and, thus, an image 20.0 ft behind the right mirror is formed. This 
image in the right mirror also forms an image in the left mirror. The distance from this 
image in the right mirror to the left mirror is 35.0 ft. The third image in the left mirror is, 


thus, 35.0 ft behind the mirror, or | 40.0 ft | from the person. 
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*P36.6 


Image Formation 


(a) 


(b) 


(c) 


(d) 


(e) 


The flat mirrors have 
Ro 

and fo. 

The upper mirror M, 

produces a virtual, actual 


sized image I, according 
to 


1- T 1. 1 
paf 
d--h 


As shown, this image is 
above the upper mirror. It 
is the object for mirror 
M,, at object distance 


Pr =pi th. 


FIG. P36.6 


The lower mirror 
produces a virtual, actual- 
size, right-side-up image 
according to 


q2 =—P2 = (Pi +h) 


with M, 2-22. 2.41 and Moern = MyM; =1. 
P2 


Thus the final image is at distance | p4 +h | behind the lower mirror. 


Itis | virtual |. 


Upright 


With magnification | +1 |. 


It | does not appear to be reversed | left and right. In a top view of the periscope, parallel 


rays from the right and left sides of the object stay parallel and on the right and left. 
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Section 36.2 Images Formed by Spherical Mirrors 


P36.7 For a concave mirror, both R and f are positive. 
We also know that f= i -10.0 cm. 
(a) 1 1 1 _ 1 l= 3 
q f p 10.0cm 40.0cm 40.0cm 
and q =13.3 cm 
q 13.3 cm _ 0333]. 
p | 40.0cm 


The image is 13.3 cm in front of the mirror, | real, and inverted |. 


(b) 11 1 1 1 1 
q f p 10.0cm 200cm 200cm 
and q = 20.0 cm 
q 20.0cm _ -1001. 
p 20.0 cm 


The image is 20.0 cm in front of the mirror, | real, and inverted |. 


1 1 1 1 1 
q f p 10.0cm 10.0cm 


(c) 


Thus, q — infinity. 


No image is formed |. The rays are reflected parallel to each other. 


P36.8 e : : gives q =—0.267 m |. 
q f p 027m 100m 


Thus, the image is | virtual |. 


- —0.267 
p 10.0 m 


0.026 7 


Thus, the image is | upright |(+M) and diminished |(|M|« 1). 
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P36.9 


P36.10 


P36.11 


Image Formation 


1 1 2 ; 1 1 2 
(a) =+ gives +—= 
pq R 30.0cm 4 (—40.0 cm) 
: : l _ 9.0833 cm? so g=| -12.0 cm 
q 40.0cm 30.0 cm 
= —12. 
Mote Sen comp]. 
p 30.0 cm 
b 241.2 zs ——— 
pq R 60.0cm q _ (-40.0 cm) 
: : I 2-000667 so q=| -15.0 cm 
q 40.0cm 60.0cm 
- —15. 
jecur oT: 
p 60.0 cm 


(c) Since M »0, the images are | upright |. 


With radius 2.50 m, the cylindrical wall is a highly efficient mirror for sound, with focal length 
R 
=—=125m. 
f 2 


In a vertical plane the sound disperses as usual, but that radiated in a horizontal plane is 
concentrated in a sound image at distance q from the back of the niche, where 


1 1 1 1 1 1 
—+-=— so +—= 
pq f 200m q 125m 
qg=| 3.33 m |. 
1 1.2 1 2 1 
(a) Peet err becomes —= 
pq R q 60.0cm 90.0 cm 
q2|450cm| and psn epson. E vt 
p 90.0 cm 
(b) T + k = 2 becomes = 2 1 p 
pq Rk q 60.0cm 20.0 cm m s 
q-|-60.0cm| and M=“ aUL 3.00 |. á (b) 
p (20.0 cm) e To 1 


(c) The image (a) is real, inverted and diminished. That of (b) is 
virtual, upright, and enlarged. The ray diagrams are similar 
to Figure 36.15(a) and 36.15(b) in the text, respectively. FIG. P36.11 


P36.12 


*P36.13 


*P36.14 
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For a concave mirror, R and f are positive. Also, for an erect image, M is positive. Therefore, 


+— becomes D. 2 ; from which, p-|30.0 cm |. 


400 cm p 4p Ap 


1 
q 
The ball is a convex mirror with R = —4.25 cm and 


f= i = —2.125 cm. We have 


f FIG. P36.13 


4 2 
p -(3/4p -2.125 cm 
3 4 1 

3p 3p -2.125 cm 

3p = 2.125 cm 


p = 0.708 cm | in front of the sphere. 


The image is upright, virtual, and diminished. 


(a) M=-4=-4 q=4p 
P 
q—p-0.60m-4p-p p=0.2m q=0.8 m 
E s : t : =| 160 mm 
f pq 02m 08m 
(b) M=+5=-4 p--2q 
p 
lq|+ p 20.20 m2 -q- p 2 -4-2q 
q = —66.7 mm p=133 mm 
Per E R-[-267 mm 
p q4 R 0133m -0.0667m 
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*P36.15 zat 
pP 
q = -Mp = -0.013(30 cm) = -0.39 cm 
1 1 1 2 
pa Uee R 
pq f R 
: + l r FIG. P36.15 
30cm -039cm R vU 
R - -—— = —0.790 cm 
—2.53 m 
The cornea is convex, with radius of curvature | 0.790 cm |. 
*P36.16 With 
WELL . +4.00 cm 0.400 - 
h 100 

q = —0.400p 
the image must be virtual. 
(a) It is a | convex | mirror that produces a diminished upright virtual image. 
(b) We must have 

p + |g] = 42.0 cm=p-q 

p = 42.0 cm +q 

p = 42.0 cm - 0.400p 

_ 42.0 cm _ 30.0 cm 
1.40 

The mirror is | at the 30.0 cm mark |. 
(c) eee : + : ane 0.050 0/cm f =-20.0 cm 

p q f 30cm -04(380cm) f 

The ray diagram looks like Figure 36.15(c) in the text. 

P36.17 (a) q —- (p +5.00 m) and, since the image must be real, 
UN Or q-5p. 
p 
Therefore, p +5.00 m=5p 
or p=1.25 m and q=6.25 m. 
1 1 2 2 2(1.25)(6.25 
Hon. pie gia Ee) FIG. P36.17 
pq R p+q 125-625 


2.08 m(concave) 


(b) From part (a), p 21.25 m; the mirror should be | 1.25 m | in front of the object. 


P36.18 


*P36.19 
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Assume that the object distance is the same in both cases (i.e., her face is the same distance from the 
hubcap regardless of which way it is turned). Also realize that the near image (q =—10.0 cm) occurs 


when using the convex side of the hubcap. Applying the mirror equation to both cases gives: 


(concave side: R=|R|, q 2 -30.0 cm) 
Howe e 
p 30.0 |R| 

a P 30.0 cm- p (1) 
|R| (30.0 cm)p 

(convex side: R - -|R] , q=-10.0 cm) 
Lee 
p 100 |R] 

ot 2. p-10.0 cm l (2) 
|R| (10.0 cm)p 


(a) Equating Equations (1) and (2) gives: 
30.0 cm—p |. 


3.00 
or p=15.0 cm. 


p -10.0 cm 


Thus, her face is | 15.0 cm | from the hubcap. 


(b) Using the above result ( p 2 15.0 cm ) in Equation (1) gives: 
2 30.0cm-15.0 cm 


|R| (30.0 cm)(15.0 cm) 


2 1 
or —- 

|R| 30.0 cm 
and |R| = 60.0 cm. 


The radius of the hubcap is | 60.0 cm |. 


(a) The flat mirror produces an image according to 
T tobe 1 Padi q = —24.0 m. 
p qf R 24cm q œ 


The image is 24.0 m behind the mirror, distant from your eyes by 


1.55 m+ 24.0 m =| 25.6 m |. 


(b) The image is the same size as the object, so 0= ee 0.058 7 rad |. 
d 256m 
e EDT -—— = : = 0.960 m 
pq R 24m q (-2m) -(1/1 m) - (1/24 m) 
This image is distant from your eyes by 1.55 m+0.960 m=} 251m |. 
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(d) The image size is given by M = d eund h' 2-51. -1.50 w ee =| = 0.060 0 m. 
h p p 24 m 
So its angular size at your eye is 0'= m oom. 0.023 9 rad |. 
d 251m 
(e) Your brain assumes that the car is 1.50 m high and calculate its distance as 
[ulum apa 
0' 0.0239 
P36.20 (a) The image starts from a point whose height above the mirror vertex is given by 
b dud : * Mene f Therefore, q = 0.600 m. 
p qf R 300m q 0.500 m 
As the ball falls, p decreases and q increases. Ball and image pass when q; = pı. When this is 
true, 
1 1 1 2 


+—= B Or pı 71.00 m. 
pı pı 0500m pı 


As the ball passes the focal point, the image switches from infinitely far above the mirror to 
infinitely far below the mirror. As the ball approaches the mirror from above, the virtual 
image approaches the mirror from below, reaching it together when p; =q =0. 


(b) The falling ball passes its real image when it has fallen 


2(2.00 
3.00 m-1.00 m=200 m=}gt, or when t= 220m) | gg s 
2 9.80 m/s 


The ball reaches its virtual image when it has traversed 


2(3.00 
3.00 m-0=30m=}gt?, orat t= 220m) | 5775]. 
2 9.80 m/s 


Section 36.3 Images Formed by Refraction 


p3621 — 31,72 172 0 and R>% 
p q R 
72 E - (50 ein pesca o em 
fs > qp ' 


Thus, the virtual image of the dust speck is | 38.2 cm below the top surface | of the ice. 
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P36.22 When R> œ, the equation describing image formation at a single refracting surface becomes 


q= (e . We use this to locate the final images of the two surfaces of the glass plate. First, find 
ny 


the image the glass forms of the bottom of the plate. 


1.33 
= —| —— |(8.00 cm) = 76.41 cm 
dm E 66 I ) 
This virtual image is 6.41 cm below the top surface of the glass of 18.41 cm below the water surface. 


Next, use this image as an object and locate the image the water forms of the bottom of the plate. 


Ip2 = (S osa cm) = -13.84 cm or 13.84 cm below the water surface. 
Now find image the water forms of the top surface of the glass. 
q3= (sss no cm) = —9.02 cm or 9.02 cm below the water surface. 


Therefore, the apparent thickness of the glass is At = 13.84 cm - 9.02 cm =| 4.82 cm |. 


P36.23 From Equation 36.8 a ala Ha cH 


p q R 
R 
Solve for q to find q= EAM ; 
p(n; -n)-niR 
In this case, n; =1.50, n, =1.00, R--15.0 cm 
and p=10.0 cm. 


B (1.00)(—15.0 cm)(10.0 cm) 7 
j 1= (10.0 em)(1.00 — 1.50) - (1.50)(-15.0 cm) Bones 


Therefore, the apparent depth is 8.57 cm |. 
P3624 0 Ly ta _ Ma us 1.00 n 1.40 . 140-1.00 
P q R o 210mm 600mm 
and 0.066 7 — 0.066 7 . 
They agree. The image is inverted, real and diminished. 
P3625 nı dio -M kone 1.00 i 150 150-100 1 
P dq R p q 6.00cm 12.0 cm 
(a) 1.00 " 150 — 1 T ru 1.50 SPAXSUG 
20.0cm q 12.0cm [(1.00/12.0 cm) - (1.00/20.0 cm)] 
(b) 1.00 M 150 1 ae p= 1.50 -|00 cm 
10.0cm q  120cm [(1.00/12.0 cm) - (1.00/10.0 cm)] 
(9 1.00 " 150 1 5s » 1.50 -| 600cm 
30cm q 12.0 cm 


[(1.00/12.0 cm) - (1.00/3.0 cm)] 


360 


Image Formation 


P36.26 | p-o and q- 42R 
100 m, _ Ny - 1.00 EU 
p q R = 
Dal Bars Eng so n, = 2.00 EE 
2R R 
n=1 
FIG. P36.26 
P36.27 For a plane surface, T1472 .72 71 becomes q- E 
p q R n 
Thus, the magnitudes of the rate of change in the image and object positions are related by 
CEEA 
dt| n,|\dt| 
If the fish swims toward the wall with a speed of 2.00 cm/s, the speed of the image is given by 
d : 
Vimage = 5 = 5 (2.00 cm/s) =| 1.50 cm/s |. 
Section 36.4 Thin Lenses 
P36.28 | Let R, = outer radius and R, = inner radius 
Een 1) TUN (1.50 jj : : ]-0.0500 cm! 
f R, R, 2.00m 2.50 cm 
so  f-|20.0cm 
P3629 (à ^ t=(n-1)/ 2 - +] =(0.440)} — : pcr 
f R, R, 120cm (-18.0 cm) 
f=| 164cm 
18.0 cm |,120 cnt 
(b) es (0.440) : : 
f 180cm (-12.0 cm) 
FIG. P36.29 
f=| 164cm 


P36.30 


P36.31 


P36.32 


For a converging lens, f is positive. We use 


(a) 


(b) 


(c) 


(a) 


(b) 


(a) 


(b) 


iow de 1 jon cd 
q f p 200cm 40.0cm 40.0cm 
eL E 

p 40.0 


The image is | real, inverted |, and located 40.0 cm past the lens. 


1 1 1 1 1 20 
q f p 200cm 20.0 cm 


1 1 1 1 1 1 
q f p 20.0cm 10.0cm 20.0cm 
q (-20.0) | 2,00 
p 10.0 


The image is | upright, virtual | and 20.0 cm in front of the lens. 


q = 40.0 cm 


q - infinity 


q = -20.0 cm 


11 1 1 1 
q f p 250cm 26.0cm 


g=650 cm 


The image is | real, inverted, and enlarged |. 


l--d.1 1 1 


q = —600 cm 


q f p 25.0cm 240cm 


The image is | virtual, upright, and enlarged |. 


AI NC. 1 
pq f` 32.0cm 800cm f 
so f =6.40 cm 
ie PSN SU 

p 32.0 cm 


Since f » 0, the lens is | converging |. 


Chapter 36 


No image | is formed. The rays emerging from the lens are parallel to each other. 
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P36.33 Weare looking at an enlarged, upright, virtual image: 


' —2.84 
LI asd sð P E c ra 
h p 2 2 
1 1 1 . 1 1 1 
—+==— gives + = 
pq f 142cm (-284cm) f 
f = 2.84 cm 
FIG. P36.33 
P36.34 (a) m MC E 
pq f p -300cm 125cm 
p-882cm M PE d) =| 3.40, upright 


(b) See the figure to the right. Li 


FIG. P36.34(b) 


P36.35 me 2 = B pi + g = constant 
paf 
d 
We may differentiate through with respect to p: 1p? -1q” =0 
P 
dq z2 È = -M2 
dp p 
P36.36 The image is inverted: M= epee UE -75.0 = q=75.0p. 
h 0.0240 m 
(b) q+ p =3.00 m =75.0p + p p =| 39.5 mm 
(a) q = 2.96 m Daa "n 1 : f =| 39.0 mm 
f P4 003995m 296m 
P36.37 (a) Panes RENE, 
pq f 20.0cm q (-320cm) 
-i 
so q (ta) Ee 
20.0 32.0 
The image is 123 cm to the left of the lens. 
-123 
(B. Mista ied eH caos FIG. P36.37 
p 20.0 cm 


(c) See the ray diagram to the right. 


*P36.38 


*P36.39 


P36.40 


Chapter 36 
In 
1 1 1 
a 
pa f 
By + q =constant, 
we differentiate with respect to time 
_2\ dp -2\ dq 
1(p? 1(q7)—-=0 
yg xn Fg 
dq _ -4° dp 
dt p? dt 
We must find the momentary image location q: 
1 1 1 
paa 
20m q 0.3m 
q=0.305 m. 
dq (0.305 m) 


W 2 
dt (20 m) 


5 m/s = -0.001 16 m/s =| 1.16 mm/s toward the lens |. 


1 1 E 1 
f 480cm q 7.00 cm 


q =| 7.10 cm 


b) M qa, 74 _ (500 mm)(7.10 cm) 
E p 480 cm 


= —0.0740 mm 


diameter of illuminated spot =| 74.0 um 


P P4 0.100 W(4) 
A zd n(74.0 x10% m) 


(c) I =| 2.33x10’ W/m? 


1 1 1 1 p. 57 
(a) Fd Ja = oa oe cm (120cm)| 7 Jose 


(b) ILE. a P Fr »- 
OZ E 


«-10.0 cm —«4—— pg -20.0 cm b 
«— — — p; = 30.0 em ——____+| lip 


The square is imaged as a trapezoid. 


FIG. P36.40(b) 
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(c) To find the area, first find qg and q; , along with the heights hp and h; , using the thin lens 


equation. 
i 3 d p becomes : + (€ Or qpr = 40.0 cm 
PR aR Í 20.0cm qr 13.3 cm 


hk =hMp = 1 TAR = (10.0 cm)(-2.00) = -20.0 cm 
PR 


Ld 1 
30.0cm q, 133cm 


hi, = hM; = (10.0 cm)(-0.800) = -8.00 cm 


or qı = 24.0 cm 


Thus, the area of the image is: Area - [ga - q; |h; | T gilik -hil =| 224 cm? |. 
P36.41 (a) The image distance is: q=d-p. 
Thus, T + 1 = T becomes 1 + abs = A ; 
pa f d-p f 
This reduces to a quadratic equation: p^ « (-d)p^ fd=0 
dx d? - Afd 2 
which yields: p- 7 LR ; È T fd 


d : 
Since f « Fio both solutions are meaningful and the two solutions are not equal to each 


other. Thus, there are two distinct lens positions that form an image on the screen. 


(b) The smaller solution for p gives a larger value for q, with a | real, enlarged, inverted image |. 


The larger solution for p describes a | real, diminished, inverted image |. 


P36.42 To properly focus the image of a distant object, the lens must be at a distance equal to the focal 
length from the film (q; = 65.0 mm). For the closer object: 


1 1 1 

———p-———-—— 

Po h f 

1 1 1 

becomes +—= 

2000mm 4, 650mm 

2,000 
and qz = (65.0 mm) ————— ——- |. 
2 000 — 65.0 


The lens must be moved | away from the film | by a distance 


2 000 
2 000 — 65.0 


D =q, -qı = (65.0 ow E mm=| 2.18 mm |. 


*P36.43 


P36.44 


image: 
TECH s ois (a Jz -383p, 
3.6 cm Pa 
1 " do 1 343 — 1 ibidcm 
p, 333p, 20.62cm 33.3p, 20.62 cm 
The lens was moved 21.24 cm - 20.0 cm =| 1.24 cm |. 
Section 36.5 Lens Aberrations 
(a) The focal length of the lens is given by 
E (n — 1) E (1.53 Lof : : 
f R R, -32.5 cm 42.5 cm 
f =-34.7 cm 
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In the first arrangement the lens is used as a magnifying glass, producing an upright, virtual 


enlarged image: 
_h' 120 cm _433__4 
h 3.6cm 
q = —33.3p = —33.3(20 cm) = -667 cm 
For the lens, 
1.1 1 1 1 1 
+—=—= + = 
p q f 20cm -667cm f 
f = 20.62 cm 
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In the second arrangement the lens us used as a projection lens to produce a real inverted enlarged 


Note that R, is negative because the center of curvature of the 


first surface is on the virtual image side. 


When po 


the thin lens equation gives q= f. 


Thus, the violet image of a very distant object is formed 


at 


The image is 


(b) The same ray diagram and image characteristics apply for red light. 


q =—34.7 cm |. 


virtual, upright and diminshed |. 


Again, q-f 
and now cra (1.51 Lo : : 

f -32.5cm 42.5 cm 
giving f =| -36.1 cm |. 


| 


FIG. P36.44 
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Image Formation 


Ray h, is undeviated at the plane surface and strikes the second >l 
surface at angle of incidence given by (EET 
h 0.500 B e * de 
S . if 0. C 
jasn de | m) 143°, 
ET R sn 200cm 5 ae 
Then, 1.00sin 8, =1.60sin0, = (eof oa 
20.0 cm FIG. P36.45 
so 0, = 2.29° . 
The angle this emerging ray makes with the horizontal is 05 — 0, =0.860° . 


It crosses the axis at a point farther out by fı 


hy _ 0.500 cm 


= = 33.3 cm. 
tan(0; -0,) tan(0.860?) 


where h 


The point of exit for this ray is distant axially from the lens vertex by 


20.0 cm- Qoo cm)? (0.500 cm)? = 0.006 25 cm 
so ray h, crosses the axis at this distance from the vertex: 
xı 233.33 cm - 0.006 25 cm = 33.3 cm. 


Now we repeat this calculation for ray h, : 


c XE m) = 36.9 


20.0 cm 
1.00sin 0, = 1.60 sin 6, = clo (mm) 05 — 73.7? 
20.0 
$ hy | 120cm | 16.0 cm 


 tan(0,—0;) tan36.8° 


x, = (16.0 em 200 cm- Joo cm)? - (12.0 cm)? -120 cm. 


Now Ax = 33.3 cm- 12.0 cm =| 21.3 cm |. 


Section 36.6 The Camera 


*P36.46 


The same light intensity is received from the subject, and the same light energy on the film is 
required: 


ele :J-4 (2s | 
BA 
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Section 36.7 The Eye 


P36.47 P= 2al + ba De 4.00 diopters =| —4.00 diopters, a diverging lens 
f p q œ 0.250m 
: $5 1 1 1 

P36.48 For starlight going through Nick’s glasses, pn f 
P 4 
1 + l Se — —1.25 diopters . 
œ (—0.800m) f 

f 1 1 E 
For a nearby object, —+————— --125m ,sop- 23.2 cm |. 

p (—0.180 m) 


P36.49 Consider an object at infinity, imaged at the person’s far point: 


i usd 1,1. 400m^ q =-25.0 cm. 

pa f o% q 
The person’s far point is 25.0 cm + 2.00 cm = 27.0 cm from his eyes. For the contact lenses we want 
1 1 1 


-3.70 diopters |. 


ES je 
o (-0.270m) f 


Section 36.8 The Simple Magnifier 
Section 36.9 |The Compound Microscope 


Section 36.10 The Telescope 


P36.50 (a) From the thin lens equation: 1 * : eee or p=| 4.17 cm |. 
p (-250cm) 5.00 cm 
(b) M=- 1_ ,,290cm _, 25.0 cm _ 6.00 
f 5.00 cm 
P36.51 ^ Using Equation 36.24, Mx-| £ | 229 em EE \ N m) =] 575 |. 
fo fe 0.400 cm A 2.50 cm 


25.0 cm 
Íe 


P36.52  M-M,m,- m E f- E Jaso cm)- E cm) =| 214 cm 


P3653  f,-200m f,-00250m 


(a) The angular magnification produced by this telescope is: m = E -|-800 |. 
e 


(b) Since m <0, the image is | inverted |. 
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P36.54 (a) 


(b) 


(c) 


P36.55 (b) 


(a) 


(c) 


The lensmaker's equation 1 + d - T 
pq f 
gives q- i. o 1 EN 
1/f-1/p (p-f)fe p-f 

Then, mut ie f 

h p=f 
; hf 
gives h' a—— 

f-p 
For p>>f, f -p7 -p . Then, h'= E 


Suppose the telescope observes the space station at the zenith: 


hf (108.6 m)(4.00 m) _ 
p 407 x 10° m 


h' -1.07 mm |. 


Call the focal length of the objective f, and that of the eyepiece -|f,| . The distance between 
the lenses is f, — | fil . The objective forms a real diminished inverted image of a very distant 


object at qı = f, . This image is a virtual object for the eyepiece at p, = -f| . 


For it OPES becomes 1 Qt I ; l 
|a -fl a 


1 
q f -|fe 


and q=% |. 


=0 


The user views the image as | virtual |. Letting 


h' represent the height of the first image, 


[ 


0,- £ and 0= LA . The angular 


fo fel 
magnification is 
29 EMil fo 
0, h'/f, |f. 
Here, f, - |f,| - 10.0 cm and fo 3.00, 
|fe 
A 2 
Thus, |f,|= x and zf =10.0 cm 
pei aa FIG. P36.55 
|f| =5.00cm and f,=|-5.00 cm 


P36.56 
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Let I) represent the intensity of the light from the nebula and 6j its angular diameter. With the 


first telescope, the image diameter h’ on the film is given by 0, = Es as h' 2 -0,(2000 mm). 


,and the light 


The light power captured by the telescope aperture is 4 = 15A, = Io 


z(200 mm)? | 


(1.50 min). 


energy focused on the film during the exposure is E, = AAt; = Ig 


z(200 mm)? 
4 


Likewise, the light power captured by the aperture of the second telescope is 


7 (60.0 mm)? | [zs mm) | 
4 


P -1945-21g and the light energy is E; = Io At,. Therefore, to have 


the same light energy per unit area, it is necessary that 
l [=(60.0 mm)? Jaat P [=(200 mm)? /4|q1.50 min) 
z|6, (900 mm)" /4] z|6, (2000 mm)" /4] 


The required exposure time with the second telescope is 


(200 mm)^(900 mm)? 
(60.0 mm)?^(2 000 mm)” 


At, = (1.50 min) =| 3.38 min |. 


Additional Problems 


P36.57 


P36.58 


Only a diverging lens gives an upright diminished image. The image is virtual and 


d=p-|q=p+q: M -- 15. so q- -Mp and d=p-Mp 
p 
d 1.11 1 1,1 _-M+1 (1I-My 
p-———: 4—-2—-—. = = 
1-M pq f p -Mp -Mp  -Md 
- -(0. 20. 
ye ME (0.500)( MSN Za enm. 
(1- M) (1 - 0.500) 
If M <1, the lens is diverging and the image is virtual. d=p-|q=p+q 
anA so q = -Mp and d =p- Mp 
P 
ps d Lope ds | (-M«1) (-My j= -Md 
1-M p q f p (-Mp -Mp -Md (1- M 
If M» 1, the lens is converging and the image is still virtual. 
Now d--q-p. 
We obtain in this case poe : 
(M -1) 
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P36.59 (a) 7 (3 a 
1 2 


1 1 1 
cem ery) 
—65.0 cm 50.0cm R, 


1 1 " 1 
R, 50.0cm 429cm 


R, =| 23.1 cm 


(b) The distance along the axis from B to A is FIG. P36.59 


R, - JR2 - (200 cm)? =50.0 cm- (50.0 cm)? - (2.00 cm)? = 0.040 0 cm. 


Similarly, the axial distance from C to D is 


23.1 cm- (23.1 cm)? - (2.00 cm)? =0.086 8 cm . 


Then, AD = 0.100 cm -0.040 0 cm + 0.086 8 cm =| 0.147 cm |. 


*P36.60 We consider light entering the rod. The surface of entry is convex 
to the object rays, so R, = +4.50 cm 


P om R 100cm qı 4.50 cm 
150 0037 8/cm — 0.013 3/cm = 0.024 5/cm qı = 61.3 cm 
1 


The first image is real, inverted and diminished. To find its 
magnification we can use two similar triangles in the ray diagram 
with their vertices meeting at the center of curvature: 


hi 4 
I = : "i. 0543. 
100 cm+4.5cm 61.3 cm- 45 cm hy 


FIG. P36.60 


Now the first image is a real object for the second surface at object distance from its vertex 
75.0 cm + 4.50 cm + 4.50 cm - 61.3 cm = 22.7 cm 


1.50 " 133 133-1.50 
227cm q3  -450cm 


Lam 0.037 8/cm — 0.066 0/cm = -0.028 Z/cm 

42 

Gz = 47.1 cm 
(a) The final image is | inside the rod, 47.1 cm from the second surface |. 
(b) It is | virtual, inverted, and enlarged |. Again by similar triangles meeting at C we have 

hz - h M 234. 
22.7 cm -45 cm 47.1 cm- 45 cm hy 
hy hy _ hy 


Since h, =h;, the overall magnification is M,M, = = (-0.543)(2.34) = -1.27 . 


hy hy 5 hy 


*P36.61 


(a) 


(b) 


Chapter 36 
1 1 1 1 1 
- “9, =15 cm 
am fi p Sem 75cm 
M, qı 15cm _ 
pı 7.5 cm 
M=M,M, 1=(-2)M, 
1 
2M, =-5=-2 “pz = 2 
P2 
I2 4 1 1 1 
+—= BS = “Gz =15 cm, p, =30cm 
Pa 92 fa 292 q2 10cm 


D3*01*Pao*4d5 77.5 cm+15 cm+30 cm+15 cm- | 67.5 cm 


1 1 | 1 


[ 


+—=—= 
pi oq fi 5cm 


Solve for 4| in terms of p: gj = oni 
pi-5 
Mi =-=- 2 , using (1). 
nh pi-5 
M' 3 q5 
M'-MiMy ~M; ;-5)= 
1 2 2 MI s A ) p, 


, 3 , , 
“42 ur -5) 


Substitute (2) into the lens equation : + ites ect 
P; 92 f, 10cm 

, _ 10(3p; - 10) 

P1 3-5) 

Substituting (3) in (2), obtain 5 in terms of p: 

q} = 2(3pi - 10). 

Now, pi +q1 + p5 +92 =a constant. 

Using (1), (3) and (4), and the value obtained in (a): 
,,9pi , 10(3pi -10) 
1! p -5  3(p'-5) 

This reduces to the quadratic equation 
21p'” -322.5p| +1212.5=0, 
which has solutions p; = 8.784 cm and 6.573 cm. 
Case 1: pi = 8.784 cm 

py — py = 8.784 cm -7.5 cm =1.28 cm. 
From (4): q} = 32.7 cm 

-43 — q2 = 32.7 cm-15 cm = 177 cm. 
Case 2: pi = 6.573 cm 

“py — py = 6.573 cm— 7.5 cm = -0.927 cm. 
From (4): q} = 19.44 cm 

^5 =z = 19.44 cm- 15 cm = 4.44 cm. 
From these results it is concluded that: 


+ 2(3p; -10)- 67.5. 


and obtain p; in terms of pj: 
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(1) 


(2) 


(3) 


(4) 


be moved 0.927 cm toward the object and the second lens 4.44 cm toward the object. 


The lenses can be displaced in two ways. The first lens can be moved 1.28 cm farther from 
the object and the second lens 17.7 cm toward the object. Alternatively, the first lens can 


372 Image Formation 


1 1 1 1 1 


P36.62 = = 
qd fı pı 10.0cm 12.5cm 


so qı = 50.0 cm (to left of mirror). 


This serves as an object for the lens (a virtual object), so 


—— : : and q, = -503 cm, 
d; fa Pa (-167cm) (-250 cm) 


meaning 50.3 cm to the right of the lens. Thus, the final image is located 


253 cm to right of mirror |. 


50.0 cm 


Mss. 4.00 
pı 12.5 cm 
M, q2 (-503 cm) _ E 


Pa (—25.0 cm) 
M-M,M, =| 8.05 


Thus, the final image is | virtual, upright |, 8.05 times the size of object, and 25.3 cm to right of the 


mirror. 


P36.63 We first find the focal length of the mirror. 


LoT — 9 
f p q 10.0cm 800cm 40.0cm 


and f=444cm. 


MP 1_ 1 1 1556 
q f p 444cm 20.0cm 888cm- 


Hence, if p= 20.0 cm, 


Thus, q=| 5.71 cm |, real. 


*P36.64 A telescope with an eyepiece decreases the diameter of a 
beam of parallel rays. When light is sent through the same 4 
device in the opposite direction, the beam expands. Send 4 
the light first through the diverging lens. It will then be = 
diverging from a virtual image found like this: 


1 1 1 1 1 1 < 21 cm | 


«— 12 cm— 


—+— = — —+-= 
pqa f o q -12cm FIG. P36.64 
q=-12 cm. 


Use this image as a real object for the converging lens, placing it at the focal point on the object side 
of the lens, at p = 21 cm. Then 


1 1 1 1 1 1 

—+—=— + = 

pq f 21cm q 21cm 
q =O. 

The exiting rays will be parallel. The lenses must be 21.0 cm—12.0 cm=9.00 cm apart. 
d, 21 

By similar triangles, <%= cm - [175 times |. 
dj, 12cm 


P36.65 


P36.66 


A hemisphere is too thick to be described as a thin 
lens. The light is undeviated on entry into the flat 
face. We next consider the light’s exit from the 
second surface, for which R = —6.00 cm. 


The incident rays are parallel, so p 2 oo. 


nj n, Hjy-hn 
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Then, +— = FIG. P36.65 
p q R 
becomes oe 1 100-156 
q  —600cm 
and g=10.7 cm |. 
(a) e G = 4.50 W x: 138 KWJ? 
Anr 4a(1.60x 107 m) 
(b) l= Y E 4.50 W > = 6.91 mW/m? 
Arr’ Ag(7.20 m) 
1 1 1 1 1 1 
(c) —L—-2—: gee is 
pq 720m q 0350m 
d q =0.368 m 
and M= h' ___49  0368m 
3.20 cm p 7.20 m 
h' =| 0.164 cm 


Z 
4 


(d) The lens intercepts power givenby — ?-1A-(691x10? W/m? | (0.150 mj 


g (69110? W/m")[s(150 cm)" /4] 


and puts it all onto the image where [= 


A 


z (0.164 cm)? /4 


= 
I 


581 W/m? |. 
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— Ri _ (7600 cm)(12.0 cm) 


P36.67 From the thin lens equation, qı afi” BT a 4.00 cm. 
When we require that q > œ, the thin lens equation becomes p; = f;. 
In this case, p2 -d-(-400 cm). 
Therefore, d + 4.00 cm = f; = 12.0 cm and d =| 8.00 cm |. 


FIG. P36.67 


*P36.68 [he inverted real image is formed by the lens operating on light directly from the object, on light 
8 y p 8 8 y J 8 
that has not reflected from the mirror. 


For this we have Messias q=1.50p 
P 
E tci l, RE RC: p=10 em 72-167 em 
pq f p 150p 10cm 150p 15 
Then the object is distant from the mirror by 40.0 cm- 16.7 cm = 23.3 cm. 


The second image seen by the person is formed by light that first reflects from the mirror and then 
goes through the lens. For it to be in the same position as the inverted image, the lens must be 
receiving light from an image formed by the mirror at the same location as the physical object. The 
formation of this image is described by 


1 1 1 1 1 1 
+ 


f=|11.7 cm}. 


— == n + = 
pq f 23.3cm 23.3cm f 


P36.69 For the mirror, f = i = +1.50 m. In addition, because the distance to the Sun is so much larger than 


any other distances, we can take p — o. 


The mirror equation, 1; 2E , then gives q-f-|150m|. 
P 4 

Now, in M=- ht 

h 

the magnification is nearly zero, but we can be more precise: id is the angular diameter of the object. 
p 


Thus, the image diameter is 


z rad 
180° 


Jaso m) = -0.0140 m =| -1.40 cm |. 


jan. Coss 
p 
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P36.70 (a) For the light the mirror intercepts, 
$-19A- Iyr R2 


350 W - (1000 W/m?)z R? 


and R, =| 0.334 m or larger |. 
a x d 
pq f R 
we have poo 
so ae 
rg 
eel 
h p 


so h= (+) = (FJ os(4 = )| = {žes m rad) 


where h is the angle the Sun subtends. The intensity at the image is 
p 
8 — AlzR2- AIoR2 
, , 2 
m^/A x^ — (Rj3'(o30x10? rad) 
16(1000 W/m?)R2 


then I 


120x10? w/m? - 


R^ (9.30 10? rad)” 


so E = 0.025 5 or larger |. 
P36.71 In the original situation, pı +qı =1.50 m. T 
In the final situation, P2 = pı + 9.900 m 
and q2 = qı — 0.900 m = 0.600 m- py. 


1 1 1 1 1 
psies, 
Dod f Pa da 
1 1 1 1 
+ = + : 
pı 150m-p, p,+0.900 0.600—p, 


Our lens equation is 


peesi 


Substituting, we have 


T = FIG. P36.71 
Adeline The Haein, 1.50 m—p, +p, _ 0.600- pı + pı + 0.900 l 
pı(1.50 m-p,) (pı +0.900)(0.600 — p, ) 

Simplified, this becomes p4(1.50 m- p) = (pı + 0.900)(0.600 — p;) . 
(a) Thus, p- NM m =| 0.300 m p2 = pı +0.900 =| 120m 
(b) ees + I and f =| 0.240 m 

f 0.300m 1.50 m-0.300 m 
(c) The second image is | real, inverted, and diminished 

with M=- =[0.250]. 


P2 
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P36.72 


P36.73 


Image Formation 


1 1 
(a) The lens makers' equation, I (n rf + 
Ri Rz 
becomes: y (n-1) : : giving n=) 1.99 |. 
5.00 cm 9.00cm  (-11.0 cm) 
(b) As the light passes through the lens for the first time, the thin lens equation 
db rd 
Pp h f 
1 1 1 
becomes: +—= 
8.00 cm qı 5.00 cm 
or qı =13.3 cm, and Weide EON peu 
pı 8.00 cm 
This image becomes the object for the concave mirror with: 
Pm = 20.0 cm- q; = 20.0 cm -13.3 cm = 6.67 cm 
and je i = +4.00 cm. 
: ; 1 1 1 
The mirror equation becomes: p= 
6.67 cm qm 4.00 cm 
giving q,, = 10.0 cm 
and M, = Im _ 10.0 cm _ 
Pm 6.67 cm 
The image formed by the mirror serves as a real object for the lens on the second pass of the 
light through the lens with: 
p3 = 20.0 cm - q,, = +10.0 cm. 
; ; i 1 1 1 
The thin lens equation yields: +—= 
10.0cm q, 5.00 cm 
or qz =10.0 cm 
and Men Ee c. 
P3 10.0 cm 
The final image is a real image located 10.0 cm to the left of the lens |. 
The overall magnification is Miota = M1ıM,M,; =| -2.50 |. 
(c) Since the total magnification is negative, this final image is | inverted |. 
1 1 1 1 1 
For the objective: —+—=— becomes +—= so q= 25.5 mm. 
p qg 340mm q 3.00 mm 
The objective produces magnification Mj 7 S -7.50. 
p 3.40 mm 


For the eyepiece as a simple magnifier, 


and overall M=Mym, =| -75.0 |. 


25.0cm 25.0 cm 
° f 2.50 cm 


P36.74 


P36.75 


P36.76 
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(a) Start with the second lens: This lens must form a virtual image located 19.0 cm to the left of 

it (Le., q2 = -19.0 cm). The required object distance for this lens is then 

Azfa | (-19.0 cm)(20.0 cm) 380 cm 

P= m-f -190cm-200cm 390 

The image formed by the first lens serves as the object for the second lens. Therefore, the 

image distance for the first lens is 

1570 
qı = 50.0 cm- p, = 50.0 cm due. = 
39.0 39.0 
The distance the original object must be located to the left of the first lens is then given by 
1 1 1 1 39.0 157 - 39.0 118 1570 cm 
- - - or py =———— =/ 13.3 cm}. 
pı fit 9, 10.0cm 1570cm 1570cm 1570cm 118 
1570 -19.0 39.0 
(b) M=M,M, q \ h 5 =) 118 ( cm)(39.0) | _ BUT 
pı Pa 39.0 1570 cm 380 cm 
(c) Since M <0, the final image is | inverted |. 
(a) P= oe + am l + Ec 44.6 diopters 
f p q (00224m) o 
(b) p= iol + B. l + hz 3.03 diopters 
f p q (0330m) œ 
The object is located at the focal point of the upper mirror. Thus, the 
upper mirror creates an image at infinity (i.e., parallel rays leave this F 
mirror). 
The lower mirror focuses these parallel rays at its focal point, located at 
the hole in the upper mirror. 
Thus, the image is real, inverted, and actual size |. 
For the upper mirror: 
1 1 1 1 1 
—+-=—: +—= q1— 99. 
pq f 750cm qı 7.50cm 
For the lower mirror: 
: t Ed q2 — 7.50 cm. 
o q} 750cm 
FIG. P36.76 


Light directed into the hole in the upper mirror reflects as shown, to 
behave as if it were reflecting from the hole. 
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P36.77 (a) 


(b) 


(c) 


For lens one, as shown in the first 


figure, 
1 " 1 1 
40.0cm 4, 30.0 cm 
qı =120 cm 
pce qı 120 cm -3.00 
pı 40.0 cm 


This real image I, =O, is a virtual 
object for the second lens. That is, it is 
behind the lens, as shown in the second 
figure. The object distance is 


p2 =110 cm- 120 cm = -10.0 cm 
1 1 1 


+ : 
-10.0cm 43, -200cm 


q2 =| 20.0 cm 
acten de EN. c nd 
Pa (710.0 cm) 
M overall =M,M, =| —6.00 
M vera <0 , so final image is 


inverted |. 


If lens two is a converging lens (third 
figure): 
1 ie 1 1 
-10.0cm q, 20.0 cm 


qz =| 6.67 cm 

Mg SO 667 
(-10.0 cm) 

M overall =M,M, =| —2.00 


Again, Movera < 0 and the final image is 


inverted |. 


FIG. P36.77 


*P36.78 


The first lens has focal length described by 


n, -1 


eof) 


For the second lens 


1 1 1 


R 


g fz +] (n; (x = 


| 


R 
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2(n, -1) 


Let an object be placed at any distance p, large compared to the thickness of the doublet. The first 


lens forms an image according to 
1 1 1 


Ss ec 

P ha f 

1 -n,+1 1 

qı R Pı 

This virtual (qı < 0) image is a real object for the second lens at distance p; = —q1. For the second lens 
1 1 1 

eS OE EE 

P2 492 fa 

1 2n,-2 1 2n;-2 1 2n;-2 "+1 1 2n,-n,-1 1 

q2 R P2 R qı R R Pı R Pı 

Then : * MN cma so the doublet behaves like a single lens with z= TI. 

Pı da 


ANSWERS TO EVEN PROBLEMS 


P36.2 


P36.4 


P36.6 


P36.8 


P36.10 


P36.12 


P36.14 


P36.16 


P36.18 


P36.20 


4.58 m 
see the solution 


(a) pı +h; (b) virtual; (c) upright; (d) +1; 
(e) No 


at q = -0.267 m virtual upright and 
diminished with M = 0.026 7 


at 3.33 m from the deepest point of the 
niche 


30.0 cm 
(a) 160 mm; (b) R = -267 mm 


(a) convex; (b) At the 30.0 cm mark; 
(c) -20.0 cm 


(a) 15.0 cm; (b) 60.0 cm 


(a) see the solution; 
(b) at 0.639 s and at 0.782 s 


P36.22 


P36.24 


P36.26 


P36.28 


P36.30 


P36.32 


P36.34 


P36.36 


P36.38 


4.82 cm 


see the solution; 
real, inverted, diminished 


2.00 

20.0 cm 

(a) q = 40.0 cm real, inverted, actual size 
M - -1.00; 

(b) q299, M =%, no image is formed; 

(c) 4 » -20.0 cm upright, virtual, enlarged 
M = +2.00 

(a) 6.40 cm; (b) —0.250; (c) converging 

(a) 3.40, upright; (b) see the solution 

(a) 39.0 mm; (b) 39.5 mm 


1.16 mm/s toward the lens 
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P36.40 (a) 13.3 cm; 
(b) see the solution; a trapezoid; 
(c) 224 cm? 
P36.42 2.18 mm away from the film 
P36.44 = (a) at g=-34.7 cm 
virtual, upright and diminshed; 
(b) at q = -36.1 cm 
virtual, upright and diminshed 
P36.46 L 
1.41 
P36.48 23.2cm 
P36.50 (a) at 4.17 cm; (b) 6.00 
P36.52 2.14 cm 
: hf 
P36.54 (a) see the solution; (b) h' = - —; 
p 
(c) -1.07 mm 
P36.56 3.38 min 
P3658 if M<1, p 
(1-M) 
if M>1,f= a 


(M-1) 


P36.60 


P36.62 


P36.64 


P36.66 


P36.68 


P36.70 


P36.72 


P36.74 


P36.76 


P36.78 


(a) inside the rod, 47.1 cm from the 
second surface ; 
(b) virtual, inverted, and enlarged 


25.3 cm to right of mirror, 
virtual, upright, enlarged 8.05 times 


place the lenses 9.00 cm apart and let light 
pass through the diverging lens first. 
1.75 times 


(a) 140 kW/m?; (b) 6.91 mW/m?; 
(c) 0.164 cm; (d) 58.1 W/m? 


11.7 cm 
(a) 0.334 m or larger; 


R 
(b) s = 0.025 5 or larger 


(a) 1.99; 
(b) 10.0 cm to the left of the lens; —2.50; 
(c) inverted 


(a) 13.3 cm; (b) —5.90; (c) inverted 


see the solution; 
real, inverted, and actual size 


see the solution 
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CHAPTER OUTLINE 


ANSWERS TO QUESTIONS 
37.1 Conditions for Interference 
"e Eon Q37.1 (a) Two waves interfere constructively if their path 
37.3 Intensity Distribution of the difference is zero, oran integral multiple of the 
Double-Slit Interference wavelength, according to ó — mA, with 
Pattern m=0, 1, 2,8, .... 
Phasor Addition of Waves 
Change of Phase Due to 
Reflection (b) Two waves interfere destructively if their path 
Interference in Thin Films difference is a half wavelength, or an odd multiple of 
The Michelson A ] 1 . 
Interferometer 2 described by ô =| m E A, with m=0, 1, 2, 3, .... 


Q37.2 The light from the flashlights consists of many different 
wavelengths (that's why it's white) with random time 
differences between the light waves. There is no coherence 
between the two sources. The light from the two flashlights 
does not maintain a constant phase relationship over time. 
These three equivalent statements mean no possibility of an 
interference pattern. 


Q37.3 Underwater, the wavelength of the light would decrease, 4 - Air . Since the positions of light 


water 


water 
and dark bands are proportional to 4, (according to Equations 37.2 and 37.3), the underwater fringe 
separations will decrease. 


Q37.4 Every color produces its own pattern, with a spacing between the maxima that is characteristic of the 
wavelength. With several colors, the patterns are superimposed and it can be difficult to pick out a 
single maximum. Using monochromatic light can eliminate this problem. 


Q37.5 The threads that are woven together to make the cloth have small meshes between them. These bits 
of space act as pinholes through which the light diffracts. Since the cloth is a grid of such pinholes, 
an interference pattern is formed, as when you look through a diffraction grating. 


Q37.6 If the oil film is brightest where it is thinnest, then nir «n, <Mwater- With this condition, light 
reflecting from both the top and the bottom surface of the oil film will undergo phase reversal. Then 
these two beams will be in phase with each other where the film is very thin. This is the condition 
for constructive interference as the thickness of the oil film decreases toward zero. 
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382 
Q37.7 


Q37.8 


Q37.9 


Q37.10 


Q37.11 


Q37.12 


Q37.13 


Interference of Light Waves 


As water evaporates from the ‘soap’ bubble, the thickness of the bubble wall approaches zero. Since 
light reflecting from the front of the water surface is phase-shifted 180° and light reflecting from the 
back of the soap film is phase-shifted 0°, the reflected light meets the conditions for a minimum. 
Thus the soap film appears black, as in the illustration accompanying textbook Example 37.5, 
“Interference in a Wedge-Shaped Film.” 


If the film is more than a few wavelengths thick, the interference fringes are so close together that 
you cannot resolve them. 


If R is large, light reflecting from the lower surface of the lens can interfere with light reflecting from 
the upper surface of the flat. The latter undergoes phase reversal on reflection while the former does 
not. Where there is negligible distance between the surfaces, at the center of the pattern you will see 
a dark spot because of the destructive interference associated with the 180? phase shift. Colored 
rings surround the dark spot. If the lens is a perfect sphere the rings are perfect circles. Distorted 
rings reveal bumps or hollows on the fine scale of the wavelength of visible light. 


A camera lens will have more than one element, to correct (at least) for chromatic aberration. It will 
have several surfaces, each of which would reflect some fraction of the incident light. To maximize 
light throughput the surfaces need antireflective coatings. The coating thickness is chosen to 
produce destructive interference for reflected light of some wavelength. 


To do Young's double-slit interference experiment with light from an ordinary source, you must first 
pass the light through a prism or diffraction grating to disperse different colors into different 
directions. With a single narrow slit you select a single color and make that light diffract to cover 
both of the slits for the interference experiment. Thus you may have trouble lining things up and 
you will generally have low light power reaching the screen. The laser light is already 
monochromatic and coherent across the width of the beam. 


Suppose the coating is intermediate in index of refraction between vacuum and the glass. When the 
coating is very thin, light reflected from its top and bottom surfaces will interfere constructively, so 
you see the surface white and brighter. As the thickness reaches one quarter of the wavelength of 
violet light in the coating, destructive interference for violet will make the surface look red or 
perhaps orange. Next to interfere destructively are blue, green, yellow, orange, and red, making the 
surface look red, purple, and then blue. As the coating gets still thicker, we can get constructive 
interference for violet and then for other colors in spectral order. Still thicker coating will give 
constructive and destructive interference for several visible wavelengths, so the reflected light will 
start to look white again. 


Assume the film is higher in refractive index than the medium on both sides of it. The condition for 
: A 
destructive interference of the two transmitted beams is that the waves be out of phase by ~ The 


ray that reflects through the film undergoes phase reversal both at the bottom and at the top surface. 


A 
Then this ray should also travel an extra distance of =e Since this ray passes through two extra 


thicknesses of film, the thickness should be L, This is different from the condition for destructive 


interference of light reflected from the film, but it is the same as the condition for constructive 
interference of reflected light. The energy of the extra reflected light is energy diverted from light 
otherwise transmitted. 


Q37.14 
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The metal body of the airplane is reflecting radio waves broadcast by the television station. The 
reflected wave that your antenna receives has traveled an extra distance compared to the stronger 
signal that came straight from the transmitter tower. You receive it with a short time delay. On the 
television screen you see a faint image offset to the side. 


SOLUTIONS TO PROBLEMS 


Section 37.1 Conditions for Interference 


Section 37.2 — Young's Double-Slit Experiment 


P37.1 


P37.2 


P37.3 


AL (632.8 x 10~° )(5.00) 
AY bright = "m | 2 a. m-|1.58 cm 


AL 
y bright — ER m 


THER cue (3.40 «10? m)(5.00 x 10* m) (EL 
L 3.30 m 


Note, with the conditions given, the small angle approximation does not 
work well. That is, sinO , tan@, and @are significantly different. We treat E 


the interference as a Fraunhofer pattern. ul 
L3 
(a) At the m=2 maximum, tan@= Sz 0.400 i 
1000 m TO) 400 m | 
1 
= 21.8° om ------- 
ene : © 100m [| 
i 300 in 21.8? 
so jen. Uo ue T 
m 2 
FIG. P37.3 
(b) The next minimum encountered is the m=2 minimum; 
: : 1 
and at that point, dsin@= [n * a 
: f 5 
which becomes dsinĝ = 2d 
or sing-24 - 2 (S9) 0464 
2d 2X4300m 
and 0-277? 
so y = (1000 m)tan 27.7° = 524 m. 


Therefore, the car must travel an additional | 124 m |. 


If we considered Fresnel interference, we would more precisely find 


(a) A= ; (Vo +1000? — 4250? +1 000? ) —55.2 m and (b) 123 m. 
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vo 354 m/s 


P37.4 A= 7 = 0.177 m 
f 2000s 
(a) dsinO- mA SO (0.300 m)sin 8 = 1(0.177 m) and 0 =| 36.2? 
(b) dsinü- mA so d sin36.2° = 1(0.030 0 m) and d =| 5.08 cm 
(c) (1.001075 m)sin36.2°=(1)A so A=590 nm 
8 
T c. 3.00x10 EL -|508 THz 
A  590x10"m 
; ; 1 
P37.5 In the equation dsinĝ = [n * 3 , 
The first minimum is described by m=0 
: A 1 
and the tenth by m=9: sino=4(945), 
Also, tang - 2. 
L 
but for small 6, sinÓztanÓ. 
FIG. P37.5 
Thus, d- 29d _ 9.5aL 
sing y 
9.5(5 890 x 10 mJ(2.00 m) ] 
d- =r =154x10~ m=/1.54 mm |. 
7.26 x 10° m 
pazes 4-22 155 ym 
2000 Hz 
Maxima are at dsinÓ- mA: 
m=0 gives 0-0? 
m-1 gives dipsa Mn 0 - 291^ 
d 0.350 m 
f : 2A 
m=2 gives sing = PE 0.971 0 — 76.3? 
m=3 gives sin 0 = 1.46 No solution. 
Minima are at dsin@ = [n t 3 : 
. ` A 
m=0 gives sing = 24^ 0.243 0-141? 
f ] 3A 
m=1 gives sing = DAS 0.729 0 = 46.8? 
m-2 gives sin@ — 1.21 No solution. 


So we have maxima at 0?, 29.1?, and 76.3?; minima at 14.1? and 46.8? |. 


P37.7 


P37.8 


P37.9 


P37.10 


(a) For the bright fringe, 


AL 
Ybright = P where m -1 


(54611 10? m)(1.20 m) 


TUE = 2.6210 m=] 262 mm |. 
. x m 


y= 


(b) For the dark bands, yg, = Am +5) m=0,1, 2, 3,... 


Y2 -11 = E (us >) (o+ j- Z (1) 


(546.1 x10 m)(1.20 m) 
0.250 x10 m 


Ay =| 2.62 mm |. 


Taking m=0 and y=0.200 mm in Equation 37.6 gives 


2(0.400 x 10? m (0.200 x 10? m 
24) _2 X ) 
A 442x107? m 

36.2 cm 


= 0.362 m 


L 


a 


Geometric optics incorrectly predicts bright regions opposite the 
slits and darkness in between. But, as this example shows, 
interference can produce just the opposite. 


Location of A = central maximum, 


Location of B - first minimum. 


AL(. 1 1AL 
So, Ay =[Ymin — Vmax |=——| 0 0 20.0 
2 y = [ymin = Yma] = ( y 5) 2d m 
1 
thes. ye 4e em) oe 
2(20.0 m) 40.0 m 
At 30.0°, dsinĝ = mA 
(3.20 x10% mj)sin30.0°= m(500 x10? m) so m =320 
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bright bright bright 
dark dark dark 


gl | 
y 


2 


FIG. P37.7 


Bright 
Dark 
Bright 
Dark 
Bright 


FIG. P37.7 


There are 320 maxima to the right, 320 to the left, and one for m =0 straight ahead. 


There are | 641 maxima |. 
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Observe that the pilot must not only home in on the airport, but must be headed in the right 
direction when she arrives at the end of the runway. 


1 8 
(a) ae A {room 
f 30x10°s 
(b) The first side maximum is at an angle given by dsin@=(1)/. 
(40 m)sin@=10 m 0-145? tand= " 
y - Ltan0 - (2000 m)tan145?- | 516 m 
(c) The signal of 10-m wavelength in parts (a) and (b) would show maxima at 0°, 14.5°, 30.0°, 
48.6", and 90°. A signal of wavelength 11.23-m would show maxima at 0°, 16.3°, 34.2°, and 
57.3°. The only value in common is 0°. If 4, and 2, were related by a ratio of small integers 
A 
(a just musical consonance!) in < = use , then the equations dsinO=n,/, and dsind=n,1, 
a. Na, 
would both be satisfied for the same nonzero angle. The pilot could come flying in with that 
inappropriate bearing, and run off the runway immediately after touchdown. 
In d sin0 - mA dt =m ye 


dy mAdL_ 1(633 x10? m) 


dt 


d dt (0.3x10° m) PES [699 TUS 


p= asino = (Y) 
A À 


(a) 


(b) 


(c) 


(d) 


L 
ó- a (1.20 x10~* m)sin(0.500°) = [ 13.2 rad 
(500x107 m) 
-3 
j= a (1.20<10~ m) DOO eagai 
(5.00 x107 m) 1.20 m 


If 4 = 0.333 rad = 


2adsinð : | ad || (5.00 x 10-7 m)(0.333 rad) 
0-sin- —sin. 
A 2n(1.20 x10* m) 


0-|1.227x10? deg |. 


5x107 m 
120x10^ m) 


If dung g=sin{ 4 Jesi 
4 4d 4( 


5.97 x10? deg |. 


D 
I 
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P37.14 The path difference between rays 1 and 2is: 6=dsin0,—dsin@,. 


For constructive interference, this path difference must be equal to an integral number of 
wavelengths: d sin 04 -d sin 0, = må , or 


d(sin 4 -sin 0, )=m4 |. 


P37.15 (a) The path difference 6=dsin@ and when L>>y 


yd (180x107? m)(1.50 x10% m) 
E 140 m 


=1.93 x10% m=] 1.93 um |. 


ó 193x10° m 


>— = 3.00, or | ô= 3.002 
A 643x10” m 


(b) 


(c) Point P will be a | maximum | since the path difference is an integer multiple of the 


wavelength. 


Section 37.3 Intensity Distribution of the Double-Slit Interference Pattern 


P3716 (a) == cos*( £) (Equation 37.11) 


Therefore, $-2cos! i = 2cos ! 40.640 =| 1.29 rad |. 


A% (486 nm)(1.29 rad) 
2m 20 " 


(b) ó- 99.8 nm 


P37.17 Ij 9l cos" 


For small à, sin0- n 


and Ij, 0.75014. 
AL I 
y 2 —— co -1 av 
zd I 


6.00 x 107 (1.20 m) 7501 
y- ( ) ; cos! Pme- 48.0 um 
(2.50 x 107 m) Tmax 


myd 
P3718  I-lL,,. cos? 222) 


I „| z(6.00 x10? m)(1.80 x10 m) 
DET (656.3 x10? m)(0.800 m) 


=| 0.968 
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(a) 


(b) 


(a) 


(b) 


From Equation 37.8, 
2rd 2rd 
j= " sing =. 


_2ayd _2a(0.850x10° m)(2.50 x 10° m) 


AD (600 x10? m)(2.80 m) = eee 


p 


I cos [(ad/A)sin 6] 7 cos*(¢/2) 


Tata cos"[(xd/2) sin O max | cos? mz 


= cos? : E os (722 zx) =| 0.453 


I 2 


max 
The resultant amplitude is 
E, =E sinot +E, sin(@t+¢)+Ey(@t+2¢), where g= Dd sind. 


E, = Ey (sinet + sino tcos ġ + cosotsinó + sin øt cos 2¢ + cos wt sin 29) 
E, =E (sina 2n - cos $+2cos” $- 1) + Eo (cos v t (sin 9  2sin $ cos 9) 
ELSE 
1 
Then the intensity is I cc E? =E?(1+42cos 19 
; a) . 1 
where the time average of sin“(@t+ ¢) is 5 


1 
From one slit alone we would get intensity I,,,, oc E) SO 
2 
2z dsinO 
I- tea + doo ( 2064] 


Look at the N =3 graph in Figure 37.14. Minimum intensity is zero, attained where 


1 f : 
cos ó = - —. One relative maximum occurs at cosó = —1.00, where I = I max: 
2 


The larger local maximum happens where cos ¢ = +1.00, giving I = 9.001,. 


The ratio of intensities at primary versus secondary maxima is | 9.00 |. 
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Section 37.4 Phasor Addition of Waves 


B . : 
P37.21 (a) We can use sinA+sinB= 2sinf £ + B Jeos{ 4 3 to find the sum of the two sine functions 


to be 
E +E, = (24.0 kN/C)sin(15x — 4.5t + 35.0?) cos 35.0? 
E, +E, = (19.7 kN/C)sin(15x —4.5t+35.0°) 


Thus, the total wave has amplitude | 19.7 kN/C | and has a constant phase difference of 


35.0° | from the first wave. 


(b) In units of KN/C, the resultant phasor is 


E, =E, +E, =(12.0i) +(12.0cos70.0°i + 12.0 sin 70.03) = 16.1i + 11.33 
R 1 2 J J 


Ep - J(161)? + (11.3)? at tan( 73) - 19.7 KN/C at 35.0° 


FIG. P37.21(b) 


oe - ot 
E 


(c) Eg =12.0c0s70.0°i + 12.0 sin 70.0*j 
415.5 cos80.0* i — 15.5 sin 80.09 j 


^ 


417.0cos160* i - 17.0sin160*j 
E, = 918i +1.83j - [9.36 KN/C at 169° 


The wave function of the total wave is 
Ep- (9.36 kN/C) sin(15x — 4.5t + 169°). 


P37.22 (a) Eg = Ei +(icos 20.0°+jsin 20.0°) + (icos-40.0°+jsin 40.0°)| 


E; - E [27i + 0.9853] =2.88E, at 20.0°=| 2.88E, at 0.349 rad 


Ep = 2.88E, sin(c t +0.349) 


(D ^ E&-E, i +(i:c0s 60.0°+} sin 60.0°) + (icos120°+jsin 1207) 


E, = Ej [1.001 .-173j]- 2.00E, at 60.0°=| 2.00E, at x rad 


Ep = 200E, sin(o t+ 4 


FIG. P37.22(b) 


continued on next page 
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P37.24 


P37.25 
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() E= Ei + (icos 120^ jsin 120°) +(î cos 240°+ĵsin 240°) 
Er =E,|0i+0j|=[0 
Ep =0 
a (> 3m z. 3m ; ae 
(d) Erp =E,/it+ Nu uer +(icos3z + jsin3z) 


Ex = Eo|0i-1.00j]= E, at 270°= 


Ep at pA rad 
2 


Ep =6.00i + 8.00j = (6.00)? +(8.00)” at on (599) 


Ep - 10.0 at 53.1°=10.0 at 0.927 rad 
Ep =| 10.0sin(100z t + 0.927) 


If E, = Eg sino t and E; = Ey sin(wt+ f), then by phasor addition, 
the amplitude of E is 


Ey = (En + Eg, cos oy + (Eo. sin oy = 


[E2 + 2Eg Eg, cos d Eo 


and the phase angle is found from | sin0 = Eu sing : 


0 


E, = 12.01 + (18.0 cos60.0° i + 18.0 sin 60.0° j) 
Ep =21.0i + 15.6 = 26.2 at 36.6° 


6.00 x 


FIG. P37.23 


Eg x 


FIG. P37.24 


18.0 
Ep =| 26.2sin(ot + 36.6°) 
ums / 60.0°_ 
12.0 x 
FIG. P37.25 
Constructive interference occurs where m=0, 1, 2, 3, ..., for 
2 = 
(255 infe E 25 fio J^ 2am acer ME z) 20m 
A 6 A 8 A 6 8 
xı -x 
Ciee 1 n-m- P m=0,1, 2, 3, 
A 12 16 48 


P37.27 


P37.28 


P37.29 


Chapter 37 391 


: T X 
See the figure to the right: z/2\ 


N/a 
N 
3 
VS 
N 


FIG. P37.27 


ER = E? +E} - 2E,E, cos B where £=180-¢. Eg 
E, 
Since Io E?’ E z/A 


E 
Ig =| L 415 * 2/11, cos¢ |. : 

FIG. P37.28 
Take | $- = where N defines the 
number of coherent sources. Then, The NT icase 

360° 360° 
= =— = — = 60.0° 
N 6 


N 

Eg = Y Eosin(votm)-0. 
m-1 

In essence, the set of N electric field 

components complete a full circle and ju co rv 

return to zero. 


FIG. P37.29 


Section 37.5 Change of Phase Due to Reflection 


Section 37.6 Interference in Thin Films 


P37.30 


Light reflecting from the first surface suffers phase reversal. Light reflecting from the second surface 
does not, but passes twice through the thickness t of the film. So, for constructive interference, we 


require 


x +2t=A, 
A, : : 
where — 4,-— is the wavelength in the material. 
n 
Then 2t = Trai 
2 2n 


A =4nt = 4(1.33)(115 nm) =| 612 nm |. 
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(a) 


(b) 


The light reflected from the top of the oil film undergoes phase 
reversal. Since 1.45 > 1.33 , the light reflected from the bottom 
undergoes no reversal. For constructive interference of reflected 
light, we then have 


2nt = [n + ;j 
2 


41 -2 . 2(1.45)(280 nm) FIG. P37.31 
" m-«(1/2) m«(1/2) ` 


or 


Substituting for m gives: m=0, Ay =1620 nm (infrared) 
m=1, A, =541 nm (green) 
m=2, A, =325 nm (ultraviolet). 


Both infrared and ultraviolet light are invisible to the human eye, so the dominant color in 


reflected light is | green |. 


The dominant wavelengths in the transmitted light are those that produce destructive 
interference in the reflected light. The condition for destructive interference upon reflection 
is 


ant =mA 
2nt 812 nm 
or "LI ; 
m m 
Substituting for m gives: m=1, A, =812 nm (near infrared) 


m=2, A, =406 nm (violet) 
m=3, À3 =271 nm (ultraviolet). 


Of these, the only wavelength visible to the human eye (and hence the dominate 
wavelength observed in the transmitted light) is 406 nm. Thus, the dominant color in the 


transmitted light is | violet |. 


Since 1<1.25 « 133 , light reflected both from the top and from the bottom surface of the oil suffers 
phase reversal. 


For constructive interference we require 2t= 


and for destructive interference, 


Then 


Therefore, 


" [m EUIS | 


A cons s. 1 640nm 


A dest 2m 512nm 


=1.25 and m=2. 


_ 2(640 nm) |. 


512 nm |. 
2(1.25) 


P37.33 


P37.34 


P37.35 


P37.36 


P37.37 
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Treating the anti-reflectance coating like a camera-lens coating, 


2t=(m té. 
2jn 


A | 300cm _ 
4n 4(1.50) 


Let m=0: t= 0.500 cm |. 


This anti-reflectance coating could be easily countered by changing the wavelength of the radar—to 
1.50 cm—now creating maximum reflection! 


int- (mt SO [n3 

2 2) 2n 

Minimum = E (vata) =| 96.2 nm |. 
2) 2(1.30) 


Since the light undergoes a 180° phase change at each surface of the film, the condition for 
constructive interference is 2nt=m/,or A= 2 . The film thickness is 

m 
t21.00x10? cm-1.00x 107 m 2100 nm. Therefore, the wavelengths intensified in the reflected 
light are 


4 2(1.38)(100 nm) 276 nm 
7 m om 


where m=1, 2, 3, ... 


or A, 2 276 nm, A, 2138 nm, .... All reflection maxima are in the ultraviolet and beyond. 


No visible wavelengths are intensified. 


(a) For maximum transmission, we want destructive interference in the light reflected from the 
front and back surfaces of the film. 


If the surrounding glass has refractive index greater than 1.378, light reflected from the front 
surface suffers no phase reversal and light reflected from the back does undergo phase 
reversal. This effect by itself would produce destructive interference, so we want the 


distance down and back to be one whole wavelength in the film: 2t = A 1 
n 


| A _ 656.3 nm _ 238 nm 
2n —2(1.378) 
(b) The filter will expand. As t increases in 2nt = 4 , so does | Aincrease |. 
(c) Destructive interference for reflected light happens also for Ain 2nt - 24, 
or A =1.378(238 nm) =| 328 nm | (near ultraviolet). 


If the path length difference A = 4 , the transmitted light will be bright. Since A= 2d - 4, 


A 580 nm 
min 72. 2 = 


d 290 nm |. 
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The condition for bright fringes is 
Gp Sig A m=1, 2, 3, .... 
2n n 


From the sketch, observe that 


2 2 2 
i- i cos) i: js "X3 E 


2 2 
The condition for a bright fringe becomes 


Thus, for fixed m and å, 


Therefore, Miquia”} -ng/? and 


For destructive interference in the air, 


2t-mA. 


For 30 dark fringes, including the one where the plates 


meet, 


2 
p= 2600 nm) 970x105 m. 


Therefore, the radius of the wire is 


t 870 um 
y2—-—————z-|435 um |. 
2 2 


nr? = constant . 


FIG. P37.39 


For total darkness, we want destructive interference for reflected light for both 400 nm and 600 nm. 
With phase reversal at just one reflecting surface, the condition for destructive interference is 


2n4,t- mA m —0, 1, 2, .... 


The least common multiple of these two wavelengths is 1 200 nm, so we get no reflected light at 
2(1.00)t = 3(400 nm) = 2(600 nm) - 1 200 nm , so t 2 600 nm at this second dark fringe. 


600 nm _ 0.0500 mm 


By similar triangles, 


or the distance from the contact pointis x= (600 x10? 2l 


y 


x 10.0 cm 


0.100 m E 
5.00 x10? m 


1.20 mm |. 
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Section 37.7 The Michelson Interferometer 
P37.41 When the mirror on one arm is displaced by A4, the path difference changes by 2A¢. A shift 
resulting in the reversal between dark and bright fringes requires a path length change of one-half 
A 
wavelength. Therefore, 2A/ = P , Where in this case, m = 250 . 
4 (250)(6.328 x107 m) 


Men- -[39.6 
"g 4 = 


P37.42 Distance = 2(3.82 x10% m) =17004 A=4.49x107 m=| 449 nm 


The light is | blue |. 


P37.43 Counting light going both directions, the number of wavelengths originally in the cylinder is 


elie as the cylinder is filled with gas. If N is the number of bright 


my E It changes to m, "An 1 


fringes passing, N =m, -m = Ain 1), or the index of refraction of the gas is 


Additional Problems 


m' 


*P37.44 (a) Where fringes of the two colors coincide we have d sin 0 = mA = m'A', requiring =—. 
m 
(b) 4 2430 nm, 2'=510 nm 
.m' 430nm 43 
`m 510nm_ 51 
(51)(430 x10? m 
On = sin 4) -sin | T ) =61.3° 
d 0.025 x 10" m 


, which cannot be reduced any further. Then m — 51, m'= 43. 


Ym ^ Ltan0,, 2 (L5 m)tan61.3°=| 2.74 m 


c 3.00 x 108 m/s 
f 600x105 s 


P37.45 The wavelength is A4 = — 5.00 m. 


Along the line AB the two traveling waves going in opposite directions add to give a standing wave. 
The two transmitters are exactly 2.00 wavelengths apart and the signal from B, when it arrives at A, 
will always be in phase with transmitter B. Since B is 180? out of phase with A, the two signals 
always interfere destructively at the position of A. 


The first antinode (point of constructive interference) is located at distance 
A 500m _ 
4 4 


1.25 m | from the node at A. 
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Along the line of length d joining the source, two identical waves © 
moving in opposite directions add to give a standing wave. An 


Z 
4l 
> 


d A 
antinode is halfway between the sources. If D > gj there is space for 
d 
two more antinodes for a total of three. If x » 4, there will be at least FIG. P37.46 
five antinodes, and so on. To repeat, if “> 0, the number of antinodes 


is 1 or more. If “> 1, the number of antinodes is 3 or more. If “> 2, the 


number of antinodes is 5 or more. In general, 


d 
The number of antinodes is 1 plus 2 times the greatest integer less than or equal to E. 


If = Z, there will be no nodes. If 2 4, there will be space for at least two nodes, as shown in the 


picture. If T A, there will be at least four nodes. If 2 zZ six or more nodes will fit in, and so on. 
To repeat, if 2d < A the number of nodes is 0. If 2d > 2 the number of nodes is 2 or more. If 2d >34 


the number of nodes is 4 or more. If 2d >54 the number of nodes is 6 or more. Again, if ($+ z) >I, 


the number of nodes is at least 2. If (4 + i »2,the number of nodes is at least 4. If (4 + i >3,the 


number of nodes is at least 6. In general, 


' d 1 
the number of nodes is 2 times the greatest nonzero integer less than (= + z} 


Next, we enumerate the zones of constructive interference. They are described by dsin 0 = mA, 
m=0, 1, 2, ... with 8 counted as positive both left and right of the maximum at 0 =0 in the center. 


d 
The number of side maxima on each side is the greatest integer satisfying sin <1, d1 > må, m< 4 


So the total 


d 
number of bright fringes is one plus 2 times the greatest integer less than or equal to T 


It is equal to the number of antinodes on the line joining the sources. 


The interference minima are to the left and right at angles described by d sin 0 = [n * ;j " 
RÀ 1 d 1 d 1 
m — 0, 1, 2, .... With sin «1, d1» | m max n A, M max Por OF M max TAN Letn- 1, 2, 3, .... 


Then the number of side minima is the greatest integer n less than 4 + I Counting both left and 


d 1 
right, | the number of dark fringes is two times the greatest positive integer less than | —+— |. | It is 
A 2 


equal to the number of nodes in the standing wave between the sources. 


P37.47 


P37.48 


P37.49 
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My middle finger has width d = 2 cm. 


(a) Two adjacent directions of constructive interference for 600-nm light are described by 
dsin@=mA 
0s =0 
(2x10 m)sin 9, =1(6 x107 m) 


Thus, 6, - 2x10? degree 
and 0, — 0, | —10? degree |. 
(b) Choose 01 = 20? 


(2x10? m)sin 20°= (1)4 


A=7mm 


Millimeter waves are | microwaves |. 


^ 3x10* m/s 


CURA ~10" Hz 
x m 


f 


Er 
2 


If the center point on the screen is to be a dark spot rather than bright, passage through the plastic 
must delay the light by one-half wavelength. Calling the thickness of the plastic t. 


t 1 t nt a 
+ — =— or t= 


—+—=——= where n is the index of refraction for the plastic. 
A 2 An A 2(n — 1) 


No phase shift upon reflection from the upper surface (glass to air) of the film, but there will be a 
shift of i due to the reflection at the lower surface of the film (air to metal). The total phase 


difference in the two reflected beams is 
then ó -2nt- 2 ; 
2 
For constructive interference, ó = mA 
A 
Or 2(1.00)t + E mA. 
Thus, the film thickness for the m' order bright fringe is 
1 A A| À 
ty =|m =m 
2j 2 2) 4 


and the thickness for the m —1 bright fringe is: 


a 


Therefore, the change in thickness required to go from one bright fringe to the next is 
AES ba -tn 152. 


continued on next page 
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To go through 200 bright fringes, the change in thickness of the air film must be: 
200{ 4) =1002. 
2 
Thus, the increase in the length of the rod is 
AL = 1002 = 100(5.00 x 107 m7 5.00x10? m. 


From AL = L;aAt 


AL 5.00 x10 m 


= = =| 20.0x10 °c"! 
L,AT (0.100 m)(25.0°C) 


we have: a 


Since 1<1.25 <1.34, light reflected from top and bottom surfaces of the oil undergoes phase reversal. 
The path difference is then 2t, which must be equal to 


mA 
= 


mÀ 
n 


for maximum reflection, with m =1 for the given first-order condition and n =1.25 . So 


_ mA _ 1(500 nm) 


= 200 nm. 
2n  2(1.25) 
The volume we assume to be constant: 1.00 m? = (200 nm)A 
3 
A= An 5.00 x 10° m? =| 5.00 km? |. 
200(10? m) 


One radio wave reaches the receiver R directly from the distant 
source at an angle 8 above the horizontal. The other wave 
undergoes phase reversal as it reflects from the water at P. 
Constructive interference first occurs for a path difference of 

A 


d (1) 


It is equally far from P to R as from P to R' , the mirror image of 
the telescope. 


The angles Qin the figure are equal because they each form FIG. P37.51 
part of a right triangle with a shared angle at R’. 


So the path difference is d = 2(20.0 m)sin 6 = (40.0 m)sin@. 
c. 3.00x10* m/s 
f 600x105 Hz 


Substituting for d and Ain Equation (1), — (40.0 m)sin@= c m 


—5.00 m. 


The wavelength is A= 


5.00 m 
80.0 m 


Solving for the angle 0, sin@= and | 0=3.58° |. 


P37.52 


P37.53 


P37.54 


P37.55 
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For destructive interference, the path length must differ by mA . We may treat this problem as a 
double slit experiment if we remember the light undergoes a + -phase shift at the mirror. The 


second slit is the mirror image of the source, 1.00 cm below the mirror plane. Modifying 
Equation 37.5, 


-maL (500x107 m)(100 m) _ 
Ug (200x107 m) 


24(15.0 km)? +h? 2 30175 km E | | m 
(15.0 km)? + h? = 227.63 


2.50 mm |}. 


P| ean FIG. P37.53 
For dark fringes, ant =mA 

84(500 
and at the edge of the wedge, t= SO) : 


When submerged in water, —2nt - mA 


x 2(1.33)(42)(500 nm) 
X 500 nm 


so | m-1-|113 dark fringes |. 


From Equation 37.13, 
: I I, 
Let 2, equal the wavelength for which — > = 0.640 
Triax Trax 

Then A= e 1/2 ° 

cos (I, Plax ) 

1/2 
d 
But s Ay ee a | = (600 nm)cos ! (0.900) = 271 nm. 
L max 
"T . . : 271 nm 

Substituting this value into the expression for 45, A 421 nm |. 


* cos(06407?) - 


1/2 
: . al I , . 
Note that in this problem, cos (4) must be expressed in radians. 
max 
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At entrance, 1.00 sin 30.0° = 1.38 sin 0, 0, = 21.2? 
Call t the unknown thickness. Then 


cos 21.2° = : EN M 
cos 21.2? 


c - ttan21.2? 


tan 21.2°= 


=la 8 | 


sin}; = = b = 2t tan 21.2? sin 30.0? 
C 


FIG. P37.56 


The net shift for the second ray, including the phase reversal on reflection 
of the first, is 


Dune 
2 


where the factor n accounts for the shorter wavelength in the film. For constructive interference, we 
require 


2an —b — zt =m. 
2 
The minimum thickness will be given by 2an —b— i =0. 
A an —b =2—t __ 94( tan 21.2°) sin 30.0° 
2 cos 21.2? 
ove -( 2x18 _ptan 212° sin 30.0" } =257t ¢=[115nm 
2 cos 21.2° 


The shift between the two reflected waves is 5 = 2na —b d 

where a and b are as shown in the ray diagram, n is the index of 
A 

refraction, and the term F is due to phase reversal at the top 


surface. For constructive interference, 6=mA where m has 
integer values. This condition becomes 


1 
2na -—b = [n t 3 (1) FIG. P37.57 
t 
From the figure's geometry, a= 
ae y cos 0, 
tsi 
c=asin@, = diis 
cos, 
2t si 
b=2csing, = re dna 
cos 0, 
Also, from Snell’s law, sing, =nsind,. 
2 
Thus, _ 2ntsin* 0, 
COS 0, 


With these results, the condition for constructive interference given in Equation (1) becomes: 


+2 
a t 2ntsin 0, 2nt (1 sin? 02) = [n n ;j 
cos 0, cos 6, cos, 2 


or 2nt cos 0, = [n t a À 


P37.58 


P37.59 


(a) 


(b) 


From the sketch, observe that 
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Minimum: ant 2 mA for m -0, 1, 2, ... 


Maximum: 2nt- (m ey for m'=0, 1, 2, ... 


for 44» À5, CEDE 


so m'-m-1. 
Then ant 2 mÀ,- [n = 37 

2mA, = 2mÀ, — Ay 

Ay 
SO m-————— |. 
2(44 - Az) 
500 
m -———— = 1.9242 (wavelengths measured to +5 nm) 
2(500 — 370) 

Minimum: ant = MA 

2(1.40)t = 2(370 nm) t= 264 nm 


Maximum: 2nt = [n -1+ ip 215A 


2(1.40)t = 1.5(500 nm) t = 268 nm 


Film thickness =| 266 nm |. 


pe fE) 4h +d? 


Including the phase reversal due to reflection from 
the ground, the total shift between the two waves 


is TTE 
2 


(a) 


(b) 


2 2 


«———- 1/2 = 


FIG. P37.59 
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For constructive interference, the total shift must be an integral number of wavelengths, or 


ó -mA where m=0, 1, 2,3,.... 
41 23-24 


Thus, 2x-d= [n t 3 Or = 
2 2m 41 


For the longest wavelength, m=0, giving 4 = 4x -2d = | 24h? +d? —2d | 1 


For destructive interference, ó- [n — 3 where m=0, 1, 2, 3, .... 


Thus, 2x—-d-mA Or A= 


For the longest wavelength, m=1 giving 4-2x-d-|N4Il? «d? -d |. 
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P37.60 Bright fringes occur when 2t = 2n * z 
n 
: A 
and dark fringes occur when 2t = Ga 
n 
; f : h 
The thickness of the film at x is t= que 
At 1 Atm 
Therefore, | Xprignt = an t JJ and | Xgark = "s. 


P37.61 Call t the thickness of the film. The central maximum 
corresponds to zero phase difference. Thus, the added 
distance Ar traveled by the light from the lower slit must 
introduce a phase difference equal to that introduced by 
the plastic film. The phase difference $is 


T [y SN 


ü 


The corresponding difference in path length Ar is FIG. P37.61 


Ar A) IL i (22-2. 


Note that the wavelength of the light does not appear in this equation. In the figure, the two rays 
from the slits are essentially parallel. 


Thus the angle 0 may be expressed as tanĝ = x - A í 
' t(n-1 t(n — 1)L 
Eliminating Ar by substitution, L = que gives | y'= a“ 


P37.62 The shift between the waves reflecting from the top and bottom 
surfaces of the film at the point where the film has thickness t is 


Ô = 2fngg, + i , With the factor of i being due to a phase reversal 


at one of the surfaces. 


For the dark rings (destructive interference), the total shift should 


be 3-[n« tj with m —0, 1, 2, 3, .... This requires that 


, mA 
= : FIG. P37.62 
2M film 
To find t in terms of r and R, R? =r? +(R-t) SO r? -2Rt P. 
Since t is much smaller than R, t? << 2Rt and r? x 2Rt= zi HA | 
M film 


: . mAR 
Thus, where m is an integer, T ; 
film 


P37.63 


*P37.64 
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(a) Constructive interference in the reflected light requires 2t = [n + ij . The first bright ring 
has m=0 and the 55th has m —54, so at the edge of the lens 


54.5(650 x10? m) 
m 2 


Now from the geometry in Figure 37.18, the distance from the center of curvature down to 
the flat side of the lens is 


VR? -r? =R-t or R? -r?° - R-2Rt«£Ó? 
dn Su ams A 
r242 (500x107? mJ «(177x107 m) 
2t 2(177 x10 m) 


6 Ash rf Lad Jos : | so f= 136m 


=17.7 um. 


=| 70.6 m 


—70.6 m 


Light reflecting from the upper interface of the air layer 
suffers no phase change, while light reflecting from the 
lower interface is reversed 180*. Then there is indeed a 
dark fringe at the outer circumference of the lens, and a 
dark fringe wherever the air thickness t satisfies 2t = mA, 
m=0, 1, 2, .... 


(a) At the central dark spot m — 50 and 


to - = =25(589 x10? m)=| 1.47x10°° m |. 


(b) In the right triangle, FIG. P37.64 


(8 m)? =r? +(8 m-147x10? mJ =r? «(8 m)? - 2(8 m)(1.47 x10? mJ- 2x10 m?. The 


last term is negligible. r — 26 m)(1.47 x10° m) =| 153x107 m 


1 1 1 1 1 
(c) ; 0 SE ane xz TEM 


f 2-160 m 
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P37.65 For bright rings the gap t between surfaces is given by 
2t = [n * ze The first bright ring has m =0 and the hundredth 


has m — 99. 

1 -9 
So, t= 5 99-5500 x10? m)=24.9 jm. : 
Call r, the ring radius. From the geometry of the figure at the right, n 


t=r-yr -rf (r R? ") UEM. 7 


Since r, «« r, we can expand in series: FIG. P37.65 
2 2 2 2 
ee ee ee pee Lm m 
2r 2R 2r 2R 
r 1/2 
a TP | 2(249x10% m) ! 
: l/r -1/R 1/4.00 m-1/12.0 m 


1.73 cm 


P37.66 |Egj =E; +E, +E, = cos = + 3.000872 +6.00c0s $E f 


Hanz + 3.00 ane + 6.00 sin z 
6 2 3 


Ep = 213i - 7.70j 


-7.70 


E, = 4| (2.13)? «(-770)? at t i 
r = 47243) « C770). at tan | 77 


— 7.99 at 4.44 rad 


FIG. P37.66 


Thus, Ep =| 7.99sin(@t + 4.44 rad) |. 


P37.67 (a) Bright bands are observed when 2nt = [n * ij . 


Hence, the first bright band (m — 0 ) corresponds to nt = 


, x t 
Since tot 
X? ty 


t À 
we have Xo = af 2 | = zl , | = (3.00 zi eet nm) =| 4.86 cm |. 
ty nm 


A, 420 nm 
4n  4(133) 


A, 680 nm 
? An 4(1.33) 


(b) t= 


t : 
(c) pepe? dc E ME 
x, 3.00cm 


2.63 x 10$ rad 


*P37.68 


P37.69 


*P37.70 


P37.71 
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Depth = one-quarter of the wavelength in plastic. 


_ A _ 780 nm _ 130 nm 
4n  4(1.50) 
1 
2hsin 0 = [n t ae bright 
(2.00 m)(606 x 10? m 
a $) aly so EE. | iz 0.505 mm 
2L) 2 2Ay 2(1.2x 10? m) 


Represent the light radiated from each slit to point P as a phasor. The two have 
equal amplitudes E. Since intensity is proportional to amplitude squared, they 


43 E/2 
E 


add to amplitude 43E. Then cos = 


between the two phasors is 180 — 30 — 30 = 120°, and $ = 180 -120° = 60° . The 


phase difference between the two phasors is caused by the path difference 
à - S85 - S$1 decoding totes ? ,O=A = SA aren 
A 360? 360? 6 


, 0=30°. Next, the obtuse angle 


FIG. P37.70 


The last term is negligible 


2LAV? — |2(.2 m)620 x 10? m 
a=( 5 -| ó =| 0.498 mm |. 


Superposing the two vectors, Eg =|E, + E,| 


E ” (E ^ 2 E ES 
Eg =|E, +E,|= [Eo +42-cos9) +( 3 sing) - E sdb Est g+ ant g 


Since intensity is proportional to the square of the amplitude, 


10 2 
T= g Emax + 3 Emax cos @. 
Using the trigonometric identity cos ¢ = 2cos? £ 1, this becomes 


10 2 ó 4 4 ó 
L5 Imax Hes (2eos! : 1)- g Tmax +3 Tmax cos? F 


or 1-5 La 143005" £) : 
9 2 
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ANSWERS TO EVEN PROBLEMS 


P37.2 


P37.4 


P37.6 


P37.8 


P37.10 


P37.12 


P37.14 


P37.16 


P37.18 


P37.20 


P37.22 


P37.24 


P37.26 


P37.28 


P37.30 


P37.32 


P37.34 


P37.36 


P37.38 


515 nm 


(a) 36.2°; (b) 5.08 cm; (c) 508 THz 


maxima at 0°, 29.1°, 76.3°; 
minima at 14.1° and 46.8° 


36.2 cm 

641 

6.33 mm/s 

see the solution 

(a) 1.29 rad; (b) 99.8 nm 
0.968 

(a) see the solution; (b) 9.00 


(a) 2.88E, at 0.349 rad; 
(b) 2.00E, at S rad; (c) 0; 


(d) E, at DE rad 
2 

see the solution 

("7s 
xı — X, =| m —— |A where 
m=0, 1, 2,3,... 
see the solution 
612 nm 


512 nm 


96.2 nm 


(a) 238 nm; (b) A increase; (c) 328 nm 


1.31 


P37.40 


P37.42 


P37.44 


P37.46 


P37.48 


P37.50 


P37.52 


P37.54 


P37.56 


P37.58 


P37.60 


P37.62 


P37.64 


P37.66 


P37.68 


P37.70 


1.20 mm 

449 nm; blue 

(a) see the solution; (b) 2.74 m 
number of antinodes = number of 


constructive interference zones 
=1 plus 2 times the greatest positive 


inte get 
8 A 


number of nodes = number of destructive 
interference zones = 2 times the greatest 


AS d 1 
ositive integer «| —+— 
PTS E 3 


= 
2(n - 1) 


5.00 km? 

2.50 mm 

113 

115 nm 

(a) see the solution; (b) 266 nm 

see the solution 

see the solution 

(a) 14.7 um; (b) 1.53 cm; (c) -16.0 m 
7.99 sin(wt + 4.44 rad) 


130 nm 


0.498 mm 
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Q38.1 


ANSWERS TO QUESTIONS 


Audible sound has wavelengths on the order of meters or 
centimeters, while visible light has a wavelength on the order 


of half a micrometer. In this world of breadbox-sized objects, A. 
ü 
is large for sound, and sound diffracts around behind walls 
with doorways. But E is a tiny fraction for visible light passing 
ü 


ordinary-size objects or apertures, so light changes its direction 
by only very small angles when it diffracts. 

Another way of phrasing the answer: We can see by a 
small angle around a small obstacle or around the edge of a 
small opening. The side fringes in Figure 38.1 and the Arago 
spot in the center of Figure 38.3 show this diffraction. We 
cannot always hear around corners. Out-of-doors, away from 
reflecting surfaces, have someone a few meters distant face 
away from you and whisper. The high-frequency, short- 
wavelength, information-carrying components of the sound do 
not diffract around his head enough for you to understand his 
words. 


The wavelength of light is extremely small in comparison to the dimensions of your hand, so the 
diffraction of light around an obstacle the size of your hand is totally negligible. However, sound 
waves have wavelengths that are comparable to the dimensions of the hand or even larger. 
Therefore, significant diffraction of sound waves occurs around hand-sized obstacles. 


If you are using an extended light source, the gray 
area at the edge of the shadow is the penumbra. A 
bug looking up from there would see the light 
source partly but not entirely blocked by the book. 
If you use a point source of light, hold it and the 
book motionless, and look at very small angles out Source 
from the geometrical edge of the shadow, you may 

see a series of bright and dark bands produced by 
diffraction of light at the straight edge, as shown in 


the diagram. 


*— —— 


Opaque object 


FIG. Q38.3 
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Q38.5 


Q38.6 


Q38.7 


Q38.8 


Q38.9 
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8 
An AM radio wave has wavelength on the order of TC 
x 
the width of the mouth of a tunnel, so the AM radio waves can reflect from the surrounding ground 
as if the hole were not there. (In the same way, a metal screen forming the dish of a radio telescope 
can reflect radio waves as if it were solid, and a hole-riddled screen in the door of a microwave oven 
keeps the microwaves inside.) The wave does not "see" the hole. Very little of the radio wave energy 
enters the tunnel, and the AM radio signal fades. An FM radio wave has wavelength a hundred 
times smaller, on the order of a few meters. This is smaller than the size of the tunnel opening, so 
the wave can readily enter the opening. (On the other hand, the long wavelength of AM radio 
waves lets them diffract more around obstacles. Long-wavelength waves can change direction more 
in passing hills or large buildings, so in some experiments FM fades more than AM.) 


~ 300 m. This is large compared to 


The intensity of the light coming through the slit decreases, as you would expect. The central 
; A 
maximum increases in width as the width of the slit decreases. In the condition sin 0 = — for 
a 


destructive interference on each side of the central maximum, @ increases as a decreases. 


It is shown in the correct orientation. If the horizontal width of the opening is equal to or less than 
the wavelength of the sound, then the equation asin @=(1)/ has the solution 0 = 90°, or has no 
solution. The central diffraction maximum covers the whole seaward side. If the vertical height of 
the opening is large compared to the wavelength, then the angle in asin@=(1)/ will be small, and 
the central diffraction maximum will form a thin horizontal sheet. 


The speaker is mounted incorrectly—it should be rotated by 90°. The speaker is mounted with its 
narrower dimension vertical. That means that the sound will diffract more vertically than it does 
horizontally. Mounting the speaker so that its thinner dimension is horizontal will give more 
diffraction spreading in the horizontal plane, broadcasting “important” information to the troops, 
instead of to the birds in the air and the worms in the ground, as the speaker was mounted in the 
movie. 


1.224 


We apply the equation 6,, = for the resolution of a circular aperture, the pupil of your eye. 


Suppose your dark-adapted eye has pupil diameter D 25 mm. An average wavelength for visible 
light is 2 = 550 nm. Suppose the headlights are 2 m apart and the car is a distance L away. Then 
2m 


6, = EE 1.22x 11x10 * so L —10 km. The actual distance is less than this because the variable- 
temperature air between you and the car makes the light refract unpredictably. The headlights 
twinkle like stars. 


Consider incident light nearly parallel to the horizontal ruler. 
Suppose it scatters from bumps at distance d apart to produce a 
diffraction pattern on a vertical wall a distance L away. Ata 

Yy 
L 
character of the interference is determined by the shift 5 
between beams scattered by adjacent bumps, where 


point of height y, where 0 — — gives the scattering angle 0, the 


jc "m d. Bright spots appear for 6 = mA, where FIG. Q38.9 
cos 


0, 1, 2, 3, .... For small 6, these equations combine and reduce 


2 
d 
to mA = e Measurement of the heights y,, of bright spots 


allows calculation of the wavelength of the light. 


Q38.10 


Q38.11 


Q38.12 


Q38.13 


Q38.14 


Q38.15 


Q38.16 
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Yes, but no diffraction effects are observed because the separation distance between adjacent ribs is 
so much greater than the wavelength of x-rays. Diffraction does not limit the resolution of an x-ray 
image. Diffraction might sometimes limit the resolution of an ultrasonogram. 


Vertical. Glare, as usually encountered when driving or boating, is horizontally polarized. Reflected 
light is polarized in the same plane as the reflecting surface. As unpolarized light hits a shiny 
horizontal surface, the atoms on the surface absorb and then reemit the light energy as a reflection. 
We can model the surface as containing conduction electrons free to vibrate easily along the surface, 
but not to move easily out of surface. The light emitted from a vibrating electron is partially or 
completely polarized along the plane of vibration, thus horizontally. 


The earth has an atmosphere, while the moon does not. The nitrogen and oxygen molecules in the 
earth's atmosphere are of the right size to scatter short-wavelength (blue) light especially well, while 
there is nothing surrounding the moon to scatter light. 


The little particles of dust diffusely reflect light from the light beam. Note that this is not necessarily 
scattering. Scattering is a resonance phenomenon—as when the O, and N, molecules in our 
atmosphere scatter blue light more than red. In general, light is visible when it enters your eye. Your 
eyes and brain are well prepared to make you think on a subconscious level that you can 'see' where 
light is coming from or sometimes 'see' light going past you, but really you see only light entering 
your eye. 


Light from the sky is partially polarized. Light from the blue sky that is polarized at 90? to the 
polarization axis of the glasses will be blocked, making the sky look darker as compared to the 
clouds. 


First think about the glass without a coin and about one particular point P on the screen. We can 
divide up the area of the glass into ring-shaped zones centered on the line joining P and the light 
source, with successive zones contributing alternately in-phase and out-of-phase with the light that 
takes the straight-line path to P. These Fresnel zones have nearly equal areas. An outer zone 
contributes only slightly less to the total wave disturbance at P than does the central circular zone. 
Now insert the coin. If P is in line with its center, the coin will block off the light from some 
particular number of zones. The first unblocked zone around its circumference will send light to P 
with significant amplitude. Zones farther out will predominantly interfere destructively with each 
other, and the Arago spot is bright. Slightly off the axis there is nearly complete destructive 
interference, so most of the geometrical shadow is dark. A bug on the screen crawling out past the 
edge of the geometrical shadow would in effect see the central few zones coming out of eclipse. As 
the light from them interferes alternately constructively and destructively, the bug moves through 
bright and dark fringes on the screen. The diffraction pattern is shown in Figure 38.3 in the text. 


Since obsidian glass is opaque, a standard method of measuring incidence and refraction angles and 
using Snell's Law is ineffective. Reflect unpolarized light from the horizontal surface of the obsidian 
through a vertically polarized filter. Change the angle of incidence until you observe that none of 
the reflected light is transmitted through the filter. This means that the reflected light is completely 
horizontally polarized, and that the incidence and reflection angles are the polarization angle. The 
tangent of the polarization angle is the index of refraction of the obsidian. 
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Q38.17 The fine hair blocks off light that would otherwise go through a fine slit and produce a diffraction 
pattern on a distant screen. The width of the central maximum in the pattern is inversely 
proportional to the distance across the slit. When the hair is in place, it subtracts the same diffraction 
pattern from the projected disk of laser light. The hair produces a diffraction minimum that crosses 
the bright circle on the screen. The width of the minimum is inversely proportional to the diameter 
of the hair. The central minimum is flanked by narrower maxima and minima. Measure the width 2y 


y 


of the central minimum between the maxima bracketing it, and use Equation 38.1 in the form NT 
a 


to find the width a of the hair. 


Q38.18 The condition for constructive interference is that the three radio signals arrive at the city in phase. 
We know the speed of the waves (it is the speed of light c), the angular bearing 0 of the city east of 
north from the broadcast site, and the distance d between adjacent towers. The wave from the 
westernmost tower must travel an extra distance 2d sin @ to reach the city, compared to the signal 
from the eastern tower. For each cycle of the carrier wave, the western antenna would transmit first, 


; d si 
the center antenna after a time delay a 


, and the eastern antenna after an additional equal time 


delay. 


SOLUTIONS TO PROBLEMS 


Section 38.1 Introduction to Diffraction Patterns 


Section 38.2 Diffraction Patterns from Narrow Slits 


-7 
PAT. shoa SB ari 
a 3.00 x 107 
/ __tang~sin0=0 (for small 6) 

100m 

2y =| 4.22 mm 
P38.2 The positions of the first-order minima are "S sinl =+ 2 . Thus, the spacing between these two 

a 


minima is Ay = (tk and the wavelength is 
a 


-3 -3 
{AY B 410x10? m)j 0.550 x10 m] rzz— 
P AE 2 2.06 m 


P38.3 Ts dudo dt Ay 2300 x10? nm 
ü 
Am=3-1=2 and gee 
Ay 


2(690 x 10? m)(0.500 m) 


4 
(500x10?m) — — es 


P38.4 


P38.5 


P38.6 


Chapter 38 
For destructive interference, 


A_A_ 5.00 cm 
a  36.0cm 


sind=m = 0.139 


and 0 — 7.98? 
i =tand 
L 


gives d=Ltan@=(6.50 m)tan7.98°= 0.912 m 


d=| 91.2 cm |. 
If the speed of sound is 340 m/s, A= ; = AM =0.523 m. 
Diffraction minima occur at angles described by — asin0—- mA 
(1.10 m)sin 0, =1(0.523 m) 0, = 28.4? 
(1.10 m)sin 0, — 2(0.523 m) 0, — 72.0? 
(1.10 m)sin 9, = 3(0.523 m) 05 nonexistent 


Maxima appear straight ahead at | 0? | and left and right at an angle given approximately by 


(1.10 m)sin 0, =1.5(0.523 m) 0. | «46? |. 


There is no solution to asin@ = 2.54 , so our answer is already complete, with | three | sound 


maxima. 


(a) singu sm 
L a 


Therefore, for first minimum, m=1 and 


DAP (7.50 10* m)(8.50 x 10* m) 


-[109 m |. 
mA (1)(587.5 x10? m) 


(b) w=2y, yields y, 20.850 mm 


w= 2(0.850 x10% m) -[170 mm 
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*P38.7 The rectangular patch on the wall is wider than it is tall. The aperture will be taller than it is wide. 
For horizontal spreading we have 


— Ywidth _ 0.110 m/2 — 


tan@,. 0.012 2 
midh oT, 4.5m 
Awidth SIN O width = 14 
-9 
fog a UNIES ONT Rm 
0.012 2 


For vertical spreading, similarly 
0.006 m/2 
4.5 m 

14  6328x10^m _ 
sin 0, 0.000 667 


tan Oneight = = 0.000 667 


9.49 x10 m 


Aneight = 


P38.8 Equation 38.1 states that sin 8 = Ina where m = +1, +2, +3,.... The 
ü 


requirement for m —1 is from an analysis of the extra path distance 
traveled by ray 1 compared to ray 3 in Figure 38.5. This extra 


distance must be equal to z for destructive interference. When the 


source rays approach the slit at an angle 5, there is a distance added 


to the path difference (of ray 1 compared to ray 3) of ein f Then, 


for destructive interference, FIG. P38.8 


ü ü A A 
sin f +— sin 0 = — so sin ĝ = — -sin £. 
2 p 2 2 ü P 


24 
Dividing the slit into 4 parts leads to the 2nd order minimum: sinQ = — -sin f. 
a 
NA n ; ; Ed : 3A . 
Dividing the slit into 6 parts gives the third order minimum: sinQ = — -sin p. 
a 
Generalizing, we obtain the condition for the mth order minimum: sin? = — -sin f. 
a 


y 410x10%m 
L | 120m 


P38.9 sin 0 x 


B masin n(4.00 x 10 m) 410x10? m 
2  AÀ 561x10?m 120m 


| = 7.86 rad 


=| 1.62x107 


I 


1 [sin(/2)| [sin(7.86) P 
| B2 | | 786 


max 
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38.10 (a) Double-slit interference maxima are at angles given by dsin0 = mA. 


For m-0, Ay =| O° |. 


For m=1, (2.80 um)sin0 =1(0.5015 um): 6, 2 sin ! (0.179) =| 10.3? |. 


Similarly, for m — 2, 3, 4, 5 and 6, 0, =| 21.0° |, 03 =| 32.5° |, 04 =| 45.8? |, 


6; =| 63.6° |, and @, ^ sin ! (L07) - nonexistent. 


Thus, there are 5+5+1= | 11 directions for interference maxima |. 


(b) We check for missing orders by looking for single-slit diffraction minima, at asin 0 = mA . 


For m=1, (0700 um)sin0 — 1(0.5015 um) and — 04-458. 


Thus, there is no bright fringe at this angle. There are only | nine bright fringes |, at 


0-0?, £10.3°, +21.0°, +32.5°, and +63.6° |. 


sin(zasin6/A) j 
(c) T= Imax : 
zsin/A 
At 0=0°, LA ENN oss es TOS: 
0 Tox 
i 0.700 in 10.3? 
At 0-103*, seas AOD pen jet dO-. oca e 48 Gp 
A 0.5015 um 
. o2 
I [S | -Fo8il 
Imax | 0.785 
os masin I 
Similarly, at 0 = 21.0°, E 2E —1.57 rad = 90.0? and toe =| 0.405 |. 
masin@ I 
At 0=32.5°, = 2.36 rad = 135° and I =| 0.090 1 
masin@ I 
At 0=63.6°, = 3.93 rad = 225° and —— =| 0.032 4 |. 


max 


Section 38.3 Resolution of Single-Slit and Circular Apertures 


A 500x107 m | 


em om x10? rad 
. x 


P38.11 sin 0 = 
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P38.12 


P38.13 


*P38.14 


*P38.15 


P38.16 


Onin = ae 1. 22 4 y — radius of star-image 
A L = length of eye 
(1.22) (5.00 x 10” (0.030 0) zu À = 500 nm 
y 7.00 x 10? Sign D = pupil diameter 


0 = half angle 


Undergoing diffraction from a circular opening, the beam spreads into a cone of half-angle 


622.8x10? m 
0.005 00 m 


A 


O min = 1.22 aal 


TR 5 }- 154x10 * rad. 


The radius of the beam ten kilometers away is, from the definition of radian measure, 


oca = Omin( 1-00 x 10* m) = 1.544 m 


and its diameter is di.am = 21beam =| 3.09 m |. 


When you are at the maximum range, the elves’ eyes will be resolved by Rayleigh’s criterion: 


d A 
7 Onin 71227 


-9 
0.100 m _ | 55 660x10? m 
7x10? m 


869m 


=115x104 


B 0.1 m E 
1.15x10* 


By Rayleigh's criterion: 0,4, = £ = 124, where 6min is the smallest angular separation of two 
objects for which they are resolved by an aperture of diameter D, d is the separation of the two 
objects, and L is the maximum distance of the aperture from the two objects at which they can be 
resolved. 

Two objects can be resolved if their angular separation is greater than 0min: Thus, 8min should 
be as small as possible. Therefore, the smaller of the two given wavelengths is easier to resolve, i.e. 
violet |. 


pd  (820x10? m(280x10? m) 1193x105 m? 
1.224 1.224 A 


Thus L = 186 m for 2 2640 nm, and L= 271 m for 4 = 440 nm. The viewer can resolve adjacent tubes 
of violet in the range | 186 m to 271 m |, but cannot resolve adjacent tubes of red in this range. 


Il 


0.512 m 


L 400x10? m] 1.80 mi (1609m 


-7 ‘ 
Onin 712257 12 88020 = a (= | d 


The shortening of the wavelength inside the patriot's eye does not change the answer. 


P38.17 


P38.18 


*P38.19 


P38.20 


P38.21 


P38.22 
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By Rayleigh’s criterion, two dots separated center-to-center by 2.00 mm would overlap 


when 8 nin 24 ag 
L D 
2.00 x107 m)(4.00 x10 m 
Thus, ue. I ) =|131m |. 


1224 1.22(500 x 10? m) 


A _ 1.22(5.00x 1077) 


D-122 - 
Omin 1.00 x107 


m=| 6.10 cm 


The concave mirror of the spy satellite is probably about 2 m in diameter, and is surely not more 
than 5 m in diameter. That is the size of the largest piece of glass successfully cast to a precise shape, 
for the mirror of the Hale telescope on Mount Palomar. If the spy satellite had a larger mirror, its 
manufacture could not be kept secret, and it would be visible from the ground. Outer space is 
probably closer than your state capitol, but the satellite is surely above 200-km altitude, for 
reasonably low air friction. We find the distance between barely resolvable objects at a distance of 
200 km, seen in yellow light through a 5-m aperture: 

y A 


= =1.22— 
L D 


=3cm 


y = (200 000 maap m) 


(Considering atmospheric seeing caused by variations in air density and temperature, the distance 


between barely resolvable objects is more like (200 000 m)(1 IE E I a) =97 cm.) Thus the 
s 


snooping spy satellite cannot see the difference between III and II or IV on a license plate. It cannot 
count coins spilled on a sidewalk, much less read the date on them. 


1294-4 A2 --00200m 
D L f 
D=210m L=9000 m 
(0.020 0 m)(9 000 m) 
d=1.22 -|105 m 
210 m 
2. 
0.5122 À 122090 m) Zrada 140° 
D (10.0 m) 


L288.6x10? m, D=0.300 m, 42590x10? m 


À 


(a) 12277 -0 2.40 x 10 Ó rad 


min 7 


(b) d = 0, L =| 213 km 
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Section 38.4 The Diffraction Grating 


P38.23 


P38.24 


P38.25 


100cm 100x107? m 


ds = - 5000 
2.000 2000 p 
1(640 x10? m 
sing = I4. | 4 k 0128 0=[7.35° 
d 500x10% m 


The principal maxima are defined by 
dsinĝ - mA m —0, 1, 2, .... 
For m=1, A 2 dsing 


where ĝis the angle between the central (m =0 ) and the first order 

(m 21) maxima. The value of 0 can be determined from the information 
given about the distance between maxima and the grating-to-screen 
distance. From the figure, 


(ap IER d FIG. P38.24 
so 0 — 15.8? 
and sin 0 = 0.273. 


The distance between grating “slits” equals the reciprocal of the number of grating lines per 
centimeter 


d-— 34 __=1.88 x10 cm=1.88x10° nm. 
5310 cm 


The wavelength is — 4-dsin6- (88x10? nm)(0.273) - 514 nm]. 


-2 Order n Red m Violet 
The grating spacing is d= ALLES MESE TUN 222x105 m. 1 
4 500 3 
In the 1st-order spectrum, diffraction angles are given by ? 
" ETE 0 x d 60° 90° 
sind- ^. sing, = 22% _™ _ 0,295 dd 
d 222x10^m 
FIG. P38.25 
so that for red 01 21747? 
-9 
and for violet sin, = doe = M = 0.195 
2.22 x 10° m 
so that 0, =11.26°. 
The angular separation is in first-order, A@ =17.17°-11.26° =| 5.91° |. 
In the second-order spectrum, AO= i 4 sin (222 =| 132°, 
A A 
Again, in the third order, A0 = i (22 in (222 =| 26.5° |. 


Since the red does not appear in the fourth-order spectrum, the answer is complete. 


P38.26 


P38.27 


P38.28 


P38.29 
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A Hu 632.8 nm 


=— = 1.8110? nm 
sind 0.350 


sin 6 = 0.350 : 


Line spacing =| 1.81 um 


(a) d= : = 2.732 x 10~* cm = 2.732 x 10 m= 2732 nm 
3 660 lines/cm 
a= Hsin | ^— Atg-1009* 4 =| 478.7 nm 
m 
At 0=13.71°, A =| 647.6 nm 
At 0=1477°, A=| 696.6 nm 
(b) d=— s and 24 2 dsin0, so sin 0, = z 24 = 2sinÓ,. 
sin 0, d A/sind, 
Therefore, if 0 =10.09° then sin @, = 2sin(10.09°) gives 0, =| 20.51? |. 
Similarly, for 0; 213.71?, 0; =| 28.30? | and for 04 =14.77°, 0, =| 30.66? |. 
sin @= iu 
d 


Therefore, taking the ends of the visible spectrum to be 4, = 400 nm and 4, =750 nm, the ends the 
different order spectra are: 


1 
End of second order: sin, = =f: = a a, 
12 
Start of third order: sin 03, = Ms = = ing 
Thus, it is seen that | 05, > 05, and these orders must overlap | regardless of the value of the grating 
spacing d. 
(a) From Equation 38.12, R2 Nm where N - (3000 lines/cm)(4.00 cm) = 1.20 x 10* lines . 
In the 1st order, R - (D (1.20 x 10* lines) =| 1.20 10* 
In the 2nd order, R - (2) (1.20 x 10* lines) =| 2.40 x 10* 
In the 3rd order, R - (3) (1.20 x 10* lines) =| 3.60 x 10* 
: A 
(b) From Equation 38.11, =—: 
AA 
In the 3rd order, AA = sel ee =0.0111 nm=} 11.1 pm |. 
R 3.60 x10 
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* Ld 
P38.30 For aside maximum, tan@= un Oe t 780 nm 
L 6.9 um E 
E 
(1)(780 x10? m) P SS 6.90 um 
dsin@=mA = =13.5 um. 
dede sin 3.32° i5 p eu H 
25 ay 
The number of grooves per millimeter = D =| 74.2 |. ÉL 
13.5x10 m 
FIG. P38.30 
P3831 (8 Nm-  N()-2317 nm. 77809 
AA 0.19 nm 
132x107 m 
b ae = 4.72 
(0) 2800 Em 
P3832  d- 1. .-238x105 m - 2380 nm. 
4 200 /cm 


dsinQ —- mA Or 0- sin ™4) and y=Ltand=L tn sin (=) ; 


Thus, Ay = vansin (42) - E m J : 


For m-1, Ay — (2.00 mia sin 8 sin! 


2380 


For m=2, Ay = (2.00 mian sin " us 2 ZEE e| -154 mm. 


For m=3, Ay — (2.00 mia sin! 


Il 
N 


Thus, the observed order must be | m 
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1.00 x 10? i 
pagas  4100x10" m/mm  ,00510-6 m.- 4000 nm inoen asm e 
250 lines/mm 
(a) The number of times a complete order is seen is the same as the number of orders in which 
the long wavelength limit is visible. 
dsin max (4000 nm)sin90.0° s 
SEM TA S 700 nm En 
or 5 orders is the maximum |. 
(b) The highest order in which the violet end of the spectrum can be seen is: 
i 4000 nm)sin 90.0° 
S dsin Omax _ ( ) -10.0 
A 400 nm 
or 10 orders in the short-wavelength region |. 
*P38.34 (a) The several narrow parallel slits make a diffraction n 
grating. The zeroth- and first- order maxima are [ 
separated according to [ 
-9 [ 
dsin@=(1)A Quz. ee i 
d. 1.2x10™” m ' 
0 = sin ! (0.000 527) = 0.000 527 rad [ 
n 
y = Ltan@ = (1.40 m)(0.000 527) =| 0.738 mm |. 
FIG. P38.34 
(b) Many equally spaced transparent lines appear on the film. It is itself a diffraction grating. 
When the same light is sent through the film, it produces interference maxima separated 
according to 
-9 
dsin0 - (1)A ngos oen UM ™ = 0.000 857 
d 0.738 x 10™ m 
y = Ltan0 = (1.40 m)(0.000 857) = 1.20 mm 
An image of the original set of slits appears on the screen. If the screen is removed, light 
diverges from the real images with the same wave fronts reconstructed as the original slits 
produced. Reasoning from the mathematics of Fourier transforms, Gabor showed that light 
diverging from any object, not just a set of slits, could be used. In the picture, the slits or 
maxima on the left are separated by 1.20 mm. The slits or maxima on the right are separated 
by 0.738 mm. The length difference between any pair of lines is an integer number of 
wavelengths. Light can be sent through equally well toward the right or toward the left. 
Section 38.5 Diffraction of X-Rays by Crystals 
ing  2(0.353x10 ^ m)sin7.60° 
P3835 — 2dsinÜ- mA: gane | : ) =9.34x10" m=[0.093 4 nm 
m 
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mA (1)(0.129 nm) 
2sin@  2sin(815) 


P38.36 2dsind=mAa>d 0.455 nm 


må 1(0.140 10? m) 


P38.37 2dsin0 2 mA: sin d= = 0.249 
2d 2(0.281x10° m) 
and 0=14.4° 
P3838 sing, = 4. sin12.6°= 1^ - 0.218 
2d 2d 
24 : 
sind, = at 2(0.218) so 0, = 25.9 


Three | other orders appear: 63 —sin ! (3 x 0.218) = 40.9° 
0, =sin ! (4x 0.218) = 60.8° 


6; =sin ! (5 x 0.218) = nonexistent 


P38.39 Figure 38.27 of the text shows the situation. 


2dsin@=mA ai y= rtene 

m=1: jez 2(2.80 m) sin 80.0° _ <n 
m=2: E 2(2.80 EM E 
use A= alte m SIS 7 


Section 38.6 Polarization of Light Waves 


4,1 
P38.40 The average value of the cosine-squared function is one-half, so the first polarizer transmits 5 the 


light. The second transmits cos? 30.0°= T 


n-i,- 
2 4 8 


1 


P38.41 I= l nax COS” 0 > 0- cos! | — 
(a) aa > 0-cos! ae = 54.7? 
Tmax 3-00 | 3.00 
(b) Ibo dw Berg tem 
max 25.00 Y 5.00 
I 1 D n= 
(c) ———— > 0- cos ! EM =| 71.6? 
I 10.0 110.0 


P38.42 


P38.43 


*P38.44 
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(a) 0, = 20.0°, 0, = 40.0°, 04 =60.0° 0 " 
I, =I; cos? (0, — 09) cos? (0; — 6,)cos? (05 — 0,) lis à 0, 
1, = (10.0 units) cos? (20.07) cos? (20.0*) cos? (20.0?) 
=| 6.89 units i, 
(b) 01 =0°, 0, =30.0°, 04 = 60.0° FIG. P38.42 
1, = (10.0 units) cos? (0°) cos? (30.0°) cos? (30.0°) =| 5.63 units 
By Brewster's law, n= tan@, = tan(48.0°) =| 1.11 |. 
(a) At incidence, r, sin@; =n, sin@, and 01 = 6,. For complete | 
polarization of the reflected light, 
(90 — 01 )+ (90 — 05) - 90? 
01 +0, =90=0, +0, 
Then n; sin 64 =n, sin(90— 0,) 2 cos 04 
sin 0, £ 12 nd. 
COSÓ, ny 
16, 
At the bottom surface, 05 = 0, because the normals to the surfaces | 
of entry and exit are parallel. 
FIG. P38.44(a) 
Then n, sin, =n, sinQ, and 05-04 
n, sinQ, =n; sin 04 and 0,- 64 
The condition for complete polarization of the reflected light is 
90 — 05 +90 — 0, = 90? 05 * 01 =90 
This is the same as the condition for 0, to be Brewster's angle at the top surface. 
(b) We consider light moving in a plane perpendicular to 


the line where the surfaces of the prism meet at the 
unknown angle ®. We require 


n,sin@, =n, sin 0, 


04 +0, = 90° 
So n, sin(90 — 605) 2n; sin, n- tan, 
na 
And n, sin, =n; sin@, 63 +0, =90° 
n, sind; =n; cos 03 tan 03 = ie: FIG. P38.44(b) 
na 


In the triangle made by the faces of the prism and the ray in the prism, 
® +90 +8, + (90 - 04) 2180. 


So one particular apex angle is required, and it is 


0-04-0, = an (1 (22) . 
No nj 


Here a negative result is to be interpreted as meaning the same as a positive result. 
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P38.45 eee or n= E: =— l =1.77. 
n sin@,  sin34.4 


Also, tan@, =n. Thus, 8,- tan ! (n) - tan ! (L77) =| 60.5? |. 


1 
P38.46 = sin0,-— and tan0, =n 
n 


Thus, sin, = she or | cot@, =sin8@, 
tand, 
P38.47 Complete polarization occurs at Brewster's angle tan, = 1.33 0, =53.1°. 


Thus, the Moon is | 36.9° | above the horizon. 


Additional Problems 


P38.48 For incident unpolarized light of intensity Imax: 9, 
; 6; 
1 
After transmitting Ist disk: I= n ies li 
"T : 1 2 
After transmitting 2nd disk: I= 25 max COS” @. 
1 
After transmitting 3rd disk: I= $t max C08? O cos? (909-0). FIG. P38.48 


where the angle between the first and second disk is 0— at. 


1 
Using trigonometric identities cos? @ = 5 +cos 20) 


and cos”(90°—-@) = sin? 0 = 


1 
—(1- cos20 
zí ) 


(1 2 (1-cos2 
Dance: I- Det - cos J cos 2| 


ish cos? 26) = : Los (3 ft-cos40). 
8 g m y 


Since 0— ot , the intensity of the emerging beam is given by | I2 —I 


1-4ot) |. 
16 xk ot) 


P38.49 


P38.50 


P38.51 


P38.52 
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Let the first sheet have its axis at angle @ to the original plane of polarization, and let each further 
sheet have its axis turned by the same angle. 


The first sheet passes intensity Imax COS” 0. 


The second sheet passes Imax cos* 0 
2n 45? 
and the nth sheet lets through Imax cos" 0 2 0.901 mnax where 0= 
n 
Try different integers to find cos (47) = 0.885 cose (4) = 0.902 . 


(a) So n=|6 


(b) 6 =| 7.50° 


Consider vocal sound moving at 340 m/s and of frequency 3 000 Hz. Its wavelength is 


v 340 m/s 
f 3000 Hz 


=0.113 m. 


If your mouth, for horizontal dispersion, behaves similarly to a slit 6.00 cm wide, then asin@=mA 
predicts no diffraction minima. You are a nearly isotropic source of this sound. It spreads out from 
you nearly equally in all directions. On the other hand, if you use a megaphone with width 60.0 cm 
at its wide end, then asin@= mA predicts the first diffraction minimum at 


b= sm (24) = sin (00s m) =10.9°. 
a 0.600 m 


This suggests that the sound is radiated mostly toward the front into a diverging beam of angular 
diameter only about 20°. With less sound energy wasted in other directions, more is available for 
your intended auditors. We could check that a distant observer to the side or behind you receives 
less sound when a megaphone is used. 


The first minimum is at asinó - (1)4. 
] Boa A 
This has no solution if —»1. 
ü 
or if a<A=| 632.8 nm |. 


D=250x10° m 
À25.00x107 m 
d=5.00x10° m 


5.00 x 107 m 
5.00x10? m 


x-122 ^ D= zi Je x 10? m) -[305m 
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P38.53 d- 


(a) 


(b) 


P38.54 (a) 


(b) 


(c) 


(d) 


400 mm 


1 ~=2.50x10° m 
-9 
dsind=mA poesie | eee m m |. [25.69 
250x105 m 
-9 -7 
E E A 6 Stee 2 m |- 19.09 
1.33 2550x105 m 
dsinĝ, — 2A uunc 
n 
n sin 6, =(1)sind, 
00 x 108 
A- 2: SEI UMS DR 
f 1.40x 10° s 
lits tog RAR 122 pa m )- 7.26 urad 
D 3.60x10* m 
O min = 7.26 uad 92 EDU 3 =| 1.50 arc seconds 
«m 


"EE £, d = Oink = (7.26 x10% rad)(26 000 ly) =| 0.189 ly 


50.8 urad |(10.5 seconds of arc) 


-9 
Bain = 124 us zi me =). 


12.0x10? m 


d =O pinl = (50.8 105 rad (30.0 m) 2152x 10? m - [152 mm 


P38.55 With a grazing angle of 36.0°, the angle of incidence is 54.0? 
tan@, =n = tan54.0°= 1.38 . 


In the liquid, 2,, =— 
n 


*P38.56 (a) 


(b) 


A S 750 nm _ 
> 138 °- 


545 nm |. 


Bragg's law applies to the space lattice of melanin rods. Consider the planes d = 0.25 um 
apart. For light at near-normal incidence, strong reflection happens for the wavelength 
given by 2dsin@ =m. The longest wavelength reflected strongly corresponds to m - 1: 


2(0.25 x10 * m)sin90* - 14 A 2 500 nm. This is the blue-green color. 


For light incident at grazing angle 60°, 2d sin0 = mA gives 
A= 2(0.25 x10% m) sin 60° = 433 nm. This is violet. 


Your two eyes receive light reflected from the feather at different angles, so they receive 
light incident at different angles and containing different colors reinforced by constructive 
interference. 


continued on next page 


P38.57 


P38.58 


*P38.59 
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(d) The longest wavelength that can be reflected with extra strength by these melanin rods is 
the one we computed first, 500 nm blue-green. 
(e) If the melanin rods were farther apart (say 0.32 sam) they could reflect red with constructive 


interference. 


(a) dsinO- mA 


mà  3(b00x10? m) 
sin 32.0? 


ord- 


= = 2.83 
sin 0 I 


1 


Therefore, lines per unit length = E 


d 283x105 m 


or lines per unit length = 3.53 x 10° m! = 


3.53 x 10? cm! 


mA m(500x10? m) 


b sin 0 = 
(b) d 2.83 x10 m 


-m(0.177) 


For sin 8 € 1.00, we must have 


or 


Therefore, the highest order observed is 


Total number of primary maxima observed is 


For the air-to-water interface, 


m(0.177) x 1.00 
m & 5.66. 


m=5. 


2m+1=) 11}. 


FIG. P38.58 


pipo aanta 0, =53.1° 
GE Cu : 
and (1.00)sin 6, = (1.33) sin 0; 
0,- si Lupe = 36.9. 
1.33 
T glass 
For the water-to-glass interface, tan 0, tan 0, 
Tl water 
05 = 48.4° s 
The angle between surfaces is 0— 03 —0, =| 115? |. 


A central maximum and side maxima in seven orders of 


interference appear. If the seventh order is just at 90°, 


dsinÓ - mA dl = 7(654 x10? m) 


If the seventh order is at less than 90°, the eighth order 


might be nearly ready to appear according to 


d1 =8(654 x10? m) d=5.23 um. 


Thus | 458 um < d < 5.28 um |. 


d = 4.58 um. 


FIG. P38.59 
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P38.60 


P38.61 


P38.62 


P38.63 


A radius of diffraction disk D 
W i 6... =1.22—= = ] 
(a) e require tin D L 2L 


Then D? 2 244AL |. 


b D= [244500 x10? m)(0.150 m) - [428 um 


À (550 «10? m) 
The limiting resolution between lines min =1.22— - 1.22 


5 = 134x107 rad. 
D (5.00 x 107 m) 


Assuming a picture screen with vertical dimension /, the minimum viewing distance for no visible 


1/485 
lines is found from Onin = T . The desired ratio is then 


D. cn t 1 E 
0 4850... 485(1.34 x 10 * rad) 


15.4 |. 


(a) Applying Snell’s law gives n, sing=n, sin@. From the sketch, we also 


see that: 

0+¢+f=x,0r ó-z-(0« f). 

Using the given identity: sing - sinzcos(0-- B) -coszsin(0- 8), ^ FIG. P38.62(a) 
which reduces to: sing - sin(0 ^ f). 


Applying the identity again: sin ¢ = sinOcos fj  cosOsin f. 
Snell's law then becomes: 1; (sin cos 8+ cos 0sin £) =n, sind 


or (after dividing by cos@): — n;(tan0cos B ^ sin f) =n, tand. 


n, sin f 


Solving for tan@ gives: tan = ———— —— |. 
nı —n, cos 8 


(b) If B=90.0°, n, 21.00, and n, =n, the above result becomes: 


n(1.00) T ; 
tan = ,or n=tan@, which is Brewster's law. 

1.00- 0 

: EET mA 
(a) From Equation 38.1, 0-sin | — |. 
a 
8 
In this case m=1 and — 4-2-200*10 VS _ 409x107 m. 
f 750x10" Hz 
-2 
Thus, 8-sini| Sx) wg, 
6.00 x 10“ m 


continued on next page 
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2 
sin( 2/2 27 asi 
(b) From Equation 38.4, Ere = ene) where p= eu 
Tus B/2 A 
27(0.060 0 m)sin 15.0° 
When @=15.0°, = = 2.44 rad 
0.040 0 m 
2 
in(1.22 rad 
and 1 |. e EOS]. 
T 1.22 rad 
; A 
(c) sinü- — so 0 = 41.8° : e | 
a n 
This is the minimum angle subtended by the two sources at the slit. c g 
Let abe the half angle between the sources, each a distance ° | 
£ 20.100 m from the center line and a distance L from the slit aa 
plane. Then, 
41.8° FIG. P38.63(c) 
L=fcota = (0.100 meo ) =| 0.262 m |. 
P38.64 SLM = Leos? 45.0°)(cos? 45.0°) = L 
max 8 
P38.65 dsinÓ - mA 
and, differentiating, d(cos 0)d 0 = md A 
Or d41 —sin? 0^0 x mAA 
242 


à [1-7 A maa 
d 


AA 


fem 


so A0 x 


*P38.66 (a) The angles of bright beams diffracted from the grating are given by (d)sin0 = mA. The 
dO m 
dà dcos 


angular dispersion is defined as the derivative T (d)cos o% =m 


(b) For the average wavelength 578 nm, 


0.02 m 
8 000 


dsinÓ - mA 


sind = 2(578 x10? m) 


. 4 2x578x10? m 
—sin =z 
2.5x10 m 


The separation angle between the lines is 


0 = 27.5? 


roe aqu uo = 211x10? m 
da dcos@ 25x10 ^ mcos27.5? 
= 0.001 90 = 0.001 90 rad = 0.001 90 rad ae =} 0.109° 
mra 


428 
*P38.67 


P38.68 
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(a) Constructive interference of light of wavelength A on the screen is described by d sin 0 = mA 
y 


-1/2 
where tan 0 = n so sin @ = . Then (a)y(L? + y’) lz md. Differentiating with 


respect to y gives 


di(L? + yr + W- ze + y" +2y)=m a 
d (y^ — dA _ (DL «(d^ -(d)y? 
(2 +p)” (P +y) dy fi? «yy 


dà (DP 
dy m(L? + y?) 


3/2 


a) -6 
(b) Here dsin 0 — mA gives ae sin = 1(550 x10? m) ,0-sin! DEUM s M |= 261° 
8 000 1.25 x10 m 


y = Ltan@ = 2.40 mtan 26.1°= 1.18 m 


2 1.25x10~° m(2.40 m)? 
No a HE B NP IH =3.77 x107 =| 3.77 nm/cm ! 


M dy E m(L? +p)" 1((2.4 m)? + (118 m?) 


For a diffraction grating, the locations of the principal maxima for wavelength 4 are given by 


sinf = z x " . The grating spacing may be expressed as d = X where a is the width of the grating 


NLmA 


and N is the number of slits. Thus, the screen locations of the maxima become y = . If two 


nearly equal wavelengths are present, the difference in the screen locations of corresponding 
maxima is 


NLm(AA) 
Aye 


For a single slit of width a, the location of the first diffraction minimum is sin 0 = 


als 


s. or 
L 


y- (5j . If the two wavelengths are to be just resolved by Rayleigh's criterion, y= Ay from above. 
a 


Therefore, 


L NLm(AA) : — 
= A 2——— or the resolving power of the grating is Rs UY Nm |. 
a a 


P38.69 


P38.70 


(a) 


(b) 


(a) 


(b) 


(c) 
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The E and O rays, in phase at the surface of the plate, will have a phase difference 


0- (75 
A 
after traveling distance d through the plate. Here dis the difference in the optical path lengths 


of these rays. The optical path length between two points is the product of the actual path 
length d and the index of refraction. Therefore, 


ó- dno —dn,| . 
The absolute value is used since “2 may be more or less than unity. Therefore, 
ng 
27 27 
0= d dng|=| | — Jdino - 
G) ota (Fir i 
20 (550 x10? m)(z/2) 


=153x10° m=| 15.3 um 


d= = 
2zm|o-ng| ^ 2a[L.544-1.553| 


I sin( 5/2 
From Equation 38.4, — = S0) 
Io B/2 
If we define p= £ this becomes sae E ^ ; 
Therefore, when A = l we must have any = a ,or | sing = p ; 
ee 2 ó J2 J2 
ó 1.2 
Let y, 2 sinó and y, 2 ——. 11 J 
V2 1.0 LC 
0.9 = 
A plot of y, and y; in the range 1.00<¢ e is shown to 08 LT 
0.7 
i 0.6 
the nghi; 1 11 1.2 1.3 1.4 1.5 1.6 
The solution to the transcendental equation is found to be $ (radians) 
$ —1.39 rad |. 
FIG. P38.70(b) 
2zasinO 
=—_— =2 
1 p 
gives sino-(£)4 - 0434. 
m)a a 


If 2 is small, then 0x 0.4434 ; 

a a 
This gives the half-width, measured away from the maximum at 0-0. The pattern is 
symmetric, so the full width is given by 


0.8864 
a 


A0 = 0.443 a ( 0.443 i 
ü ü 
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P38.71 ó J2 sind 
1 1.19 bigger than ¢ 
2 1.29 smaller than ø 
15 1.41 smaller 
14 1.394 
1.39 1.391 bigger 
1.395 1.392 
1.392 1.391 7 smaller 
1.3915 1.391 54 bigger 
1.391 52 1.391 55 bigger 
1.391 6 1.391 568 smaller 
1.391 58 1.391 563 
1.391 57 1.391 561 
1.391 56 1.391 558 
1.391 559 1.391 557 8 
1.391 558 1.391 557 5 
1.391 557 1.391 557 3 
1.391 557 4 1.391 557 4 
We get the answer to seven digits after 17 steps. Clever guessing, like using the value of 4/2 sing as 
the next guess for ¢, could reduce this to around 13 steps. 
2 
GS iste In| men ana ILa r, „(2508/2 \ (B/2)cos(8/2)(1/2) —sin(6/2)(1/2) 
[7p dp B/2 (8/2. 


B 


and require that it be zero. The possibility sin( 4) = 0 locates all of the minima and the central 


maximum, according to 


B 


—-0, T, PU DERE: Qnem" 
: A 


eof £) sin( £) =0, 0 tan( 4)-F. 
2 2 2 2 2 


P _ 4.493 4], Ua 7.725 3 
2 2 


=0, 2x, 4z,...; asin@=0, A, 24A, .... 


The side maxima are found from 


This has solutions , and others, giving 


(a) masin @ = 4.493 4A asin 0 = 1.430 3A 


(b) masin@ =7.725 3A asin 0 = 2.459 0A 


P38.73 


The first minimum in the single-slit diffraction pattern 
occurs at 


sing = = Yin 
a L 
Thus, the slit width is given by 
AL 
a= —. 
Ymin 
For a minimum located at y,,;, 26.36 mm +0.08 mm, 
the width is 
(632.8 x10? m)(1.00 m) 


6.36 x10? m 


a= 99.5 um £155 |. 
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FIG. P38.73 


ANSWERS TO EVEN PROBLEMS 


P38.2 


P38.4 


P38.6 


P38.8 


P38.10 


P38.12 


P38.14 


P38.16 


P38.18 


P38.20 


P38.22 


P38.24 


P38.26 


P38.28 


P38.30 


P38.32 


547 nm P38.34 
91.2 cm P38.36 
(a) 1.09 m; (b) 1.70 mm P38.38 
see the solution P38.40 
(a) 0°, 10.3°, 21.0°, 32.5°, 45.8°, 63.6°; 
(b) nine bright fringes at 0° and on either P38.42 
side at 10.3°, 21.0°, 32.5°, and 63.6°; 
(c) 1.00, 0.811, 0.405, 0.090 1, 0.032 4 P38.44 
2.61 um 
869 m P38.46 
gale P38.48 
6.10 cm P38.50 
105 m P38.52 
(a) 2.40 urad; (b) 213 km P38.54 
514 nm 

P38.56 
1.81 um 

P38.58 
see the solution 

P38.60 
74.2 grooves/ámm 

P38.62 


2 


(a) 0.738 mm; (b) see the solution 
0.455 nm 


3 

2 

8 

(a) 6.89 units; (b) 5.63 units 

(a) see the solution; (b) For light confined 


tan! (=) -tan (= 
n» n» 


to a plane, yes. 


see the solution 
see the solution 
see the solution 
30.5 m 


(a) 1.50 sec; (b) 0.189 ly; (c) 10.5 sec; 
(d) 1.52 mm 


see the solution 
11.5? 
(a) see the solution; (b) 428 um 


see the solution 
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pae 1l P38.70 (a) see the solution; (b) = 1.39 rad; 
8 (c) see the solution 
P38.66 (a) see the solution; (b) 0.109" P38.72 (a) asin 0 = 1.430 34; (b) asin 8 = 2.459 04 


P38.68 see the solution 
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39.1 
39.2 
39.3 
39.4 
39.5 
39.6 


39.7 


Q39.5 


Q39.6 


Q39.7 


Q39.8 


The Principle of Galilean 
Relativity 

The Michelson-Morley 
Experiment 

Einstein’s Principle of 
Relativity 

Consequences of the 
Special Theory of Relativity 
The Lorentz Transformation 
Equations 

The Lorentz Velocity 
Transformation Equations 
Relativistic Linear Momentum 
and the Relativistic Form of 
Newton’s Laws 

Relativistic Energy 

Mass and Energy 

The General Theory of 
Relativity 


Q39.1 


Q39.2 


Q39.3 


Q39.4 


Relativity 


ANSWERS TO QUESTIONS 
The speed of light c and the speed v of their relative motion. 


An ellipsoid. The dimension in the direction of motion would 
be measured to be scrunched in. 


No. The principle of relativity implies that nothing can travel 
faster than the speed of light in a vacuum, which is 300 Mnys. 
The electron would emit light in a conical shock wave of 
Cerenkov radiation. 


The clock in orbit runs slower. No, they are not synchronized. 
Although they both tick at the same rate after return, a time 
difference has developed between the two clocks. 


Suppose a railroad train is moving past you. One way to measure its length is this: You mark the 
tracks at the cowcatcher forming the front of the moving engine at 9:00:00 AM, while your assistant 
marks the tracks at the back of the caboose at the same time. Then you find the distance between the 
marks on the tracks with a tape measure. You and your assistant must make the marks 
simultaneously in your frame of reference, for otherwise the motion of the train would make its 
length different from the distance between marks. 


(a) Yours does. 


(b) His does. 


(c) If the velocity of relative motion is constant, both observers have equally valid views. 


Get a Mr. Tompkins book by George Gamow for a wonderful fictional exploration of this question. 
Driving home in a hurry, you push on the gas pedal not to increase your speed by very much, but 
rather to make the blocks get shorter. Big Doppler shifts in wave frequencies make red lights look 
green as you approach them and make car horns and car radios useless. High-speed transportation 
is very expensive, requiring huge fuel purchases. And it is dangerous, as a speeding car can knock 
down a building. Having had breakfast at home, you return hungry for lunch, but you find you 
have missed dinner. There is a five-day delay in transmission when you watch the Olympics in 
Australia on live television. It takes ninety-five years for sunlight to reach Earth. We cannot see the 
Milky Way; the fireball of the Big Bang surrounds us at the distance of Rigel or Deneb. 


Nothing physically unusual. An observer riding on the clock does not think that you are really 


strange, either. 
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Q39.9 


Q39.10 


Q39.11 


Q39.12 


Q39.13 


Q39.14 


Q39.15 


Q39.16 


Q39.17 


Q39.18 


By a curved line. This can be seen in the middle of Speedo’s world-line in Figure 39.12, where he 
turns around and begins his trip home. 


According to p = ymu, doubling the speed u will make the momentum of an object increase by the 


1/2 
: i Mage / 
actor A ; 


C — 4u 


As the object approaches the speed of light, its kinetic energy grows without limit. It would take an 
infinite investment of work to accelerate the object to the speed of light. 


There is no upper limit on the momentum of an electron. As more energy E is fed into the object 


E 
without limit, its speed approaches the speed of light and its momentum approaches —. 
c 


Recall that when a spring of force constant k is compressed or stretched from its relaxed position a 
; : 1 ; : us 
distance x, it stores elastic potential energy U = sh . According to the special theory of relativity, 


any change in the total energy of the system is equivalent to a change in the mass of the system. 
Therefore, the mass of a compressed or stretched spring is greater than the mass of a relaxed spring 


by an amount e The fractional change is typically unobservably small for a mechanical spring. 
C 


You see no change in your reflection at any speed you can attain. You cannot attain the speed of 
light, for that would take an infinite amount of energy. 


Quasar light moves at three hundred million meters per second, just like the light from a firefly at rest. 


A photon transports energy. The relativistic equivalence of mass and energy means that is enough to 
give it momentum. 


Any physical theory must agree with experimental measurements within some domain. Newtonian 
mechanics agrees with experiment for objects moving slowly compared to the speed of light. 
Relativistic mechanics agrees with experiment for objects at all speeds. Thus the two theories must 
and do agree with each other for ordinary nonrelativistic objects. Both statements given in the 
question are formally correct, but the first is clumsily phrased. It seems to suggest that relativistic 
mechanics applies only to fast-moving objects. 


The point of intersection moves to the right. To state the problem precisely, let us assume that each 
of the two cards moves toward the other parallel to the long dimension of the picture, with velocity 


; n 2 . 
of magnitude v. The point of intersection moves to the right at speed aa = 2vcot ¢, where ¢is the 
an 


small angle between the cards. As ø approaches zero, cot ó approaches infinity. Thus the point of 
intersection can move with a speed faster than c if v is sufficiently large and ¢ sufficiently small. For 
example, take v =500 m/s and ¢ = 0.000 19°. If you are worried about holding the cards steady 
enough to be sure of the angle, cut the edge of one card along a curve so that the angle will 
necessarily be sufficiently small at some place along the edge. 

Let us assume the spinning flashlight is at the center of a grain elevator, forming a circular 
screen of radius R. The linear speed of the spot on the screen is given by v = ø R, where ois the 
angular speed of rotation of the flashlight. With sufficiently large wand R, the speed of the spot 
moving on the screen can exceed c. 


continued on next page 


Q39.19 


Q39.20 


Q39.21 


Q39.22 


Q39.23 
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Neither of these examples violates the principle of relativity. Both cases are describing a point 
of intersection: in the first case, the intersection of two cards and in the second case, the intersection 
of a light beam with a screen. A point of intersection is not made of matter so it has no mass, and 
hence no energy. A bug momentarily at the intersection point could yelp, take a bite out of one card, 
or reflect the light. None of these actions would result in communication reaching another bug so 
soon as the intersection point reaches him. The second bug would have to wait for sound or light to 
travel across the distance between the first bug and himself, to get the message. 

As a child, the author used an Erector set to build a superluminal speed generator using the 
intersecting-cards method. Can you get a visible dot to run across a computer screen faster than 
light? Want'a see it again? 


In this case, both the relativistic and Galilean treatments would yield the same result: it is that the 
experimentally observed speed of one car with respect to the other is the sum of the speeds of the cars. 


The hotter object has more energy per molecule than the cooler one. The equivalence of energy and 
mass predicts that each molecule of the hotter object will, on average, have a larger mass than those 
in the cooler object. This implies that given the same net applied force, the cooler object would have 
a larger acceleration than the hotter object would experience. In a controlled experiment, the 
difference will likely be too small to notice. 


Special relativity describes inertial reference frames: that is, reference frames that are not 
accelerating. General relativity describes all reference frames. 


The downstairs clock runs more slowly because it is closer to the Earth and hence in a stronger 
gravitational field than the upstairs clock. 


The ants notice that they have a stronger sense of being pushed outward when they venture closer 
to the rim of the merry-go-round. If they wish, they can call this the effect of a stronger gravitational 
field produced by some mass concentration toward the edge of the disk. An ant named Albert 
figures out that the strong gravitational field makes measuring rods contract when they are near the 
rim of the disk. He shows that this effect precisely accounts for the discrepancy. 


SOLUTIONS TO PROBLEMS 


Section 39.1 The Principle of Galilean Relativity 


P39.1 


In the rest frame, 
p; = M01; + 505; =(2000 kg)(20.0 m/s) +(1500 kg)(0 m/s) = 4.00 x 10* kg-m/s 
p; =(m, *m;)o; - (2000 kg +1500 kg)o, 
_ 400x10* kg. m/s 
2000 kg +1500 kg 

In the moving frame, these velocities are all reduced by +10.0 m/s. 

01; = v,;—v' = 20.0 m/s- (410.0 m/s) =10.0 m/s 

05; 2 05; v' 20 m/s- (410.0 m/s) - -10.0 m/s 

v', 211.429 m/s- (410.0 m/s) 2 1.429 m/s 
Our initial momentum is then 
pi 2mqvt; +mzv}; 2 (2000 kg)(10.0 m/s)-- (1500 kg)(-10.0 m/s) 25000 kg m/s 
and our final momentum is 
p 7 (2000 kg +1500 kg)o', =(3 500 kg)(1.429 m/s) 25000 kg-m/s. 


Since p; - py, v, =11.429 m/s. 
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P39.2 


P39.3 


P39.4 


(a) U=Ur + Uz =| 60.0 m/s 


(b) U= Vr -Vg =| 20.0 m/s 


(c) v=4v2 +0 = 20? +402 =| 44.7 m/s 


The first observer watches some object accelerate under applied forces. Call the instantaneous 
velocity of the object v, . The second observer has constant velocity v relative to the first, and 


measures the object to have velocity v, =v, — v5. 

dv, dv, 

FEES 

This is the same as that measured by the first observer. In this nonrelativistic case, they measure the 
same forces as well. Thus, the second observer also confirms that YF -ma. 


The second observer measures an acceleration of a= 


The laboratory observer notes Newton’s second law to hold: F, =ma, 


(where the subscript 1 implies the measurement was made in the laboratory frame of reference). The 
observer in the accelerating frame measures the acceleration of the mass as a, =a, —a’ 


(where the subscript 2 implies the measurement was made in the accelerating frame of reference, 
and the primed acceleration term is the acceleration of the accelerated frame with respect to the 
laboratory frame of reference). If Newton's second law held for the accelerating frame, that observer 
would then find valid the relation 


F, =ma, or F, =ma, 


(since F, =F, and the mass is unchanged in each). But, instead, the accelerating frame observer will 
find that F, = ma, — ma' which is not Newton’s second law. 


Section 39.2 The Michelson-Morley Experiment 


Section 39.3 — Einstein's Principle of Relativity 


Section 39.4 | Consequences of the Special Theory of Relativity 


P39.5 


P39.6 


2 
L L, /2 
Taking L=- where L, = 1.00 m gives vu | al | =c 1-2 = 0.866c |. 


r 271/2 
At, At, 
A mI SUE so v-c|1- "AE : 


AL 1 1/2 
For At-2At, v=c|1 P ZI =| 0.866c |. 


P39.7 


*P39.8 


(a) 


(b) 


(a) 


(b) 


(c) 
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1 1 2 
" -(wcy y1-(0.500)? V3 


The time interval between pulses as measured by the Earth observer is 


2 E 5) qu) 
V3 \ 75.0 


60.0 s/min 
Thus, the Earth observer records a pulse rate of ——— —— — =| 649/min |. 
v P os. "Leto min | 


y 


At = yAt, = 


At a relative speed v=0.990c , the relativistic factor yincreases to 7.09 and the pulse rate 
recorded by the Earth observer decreases to | 10.6/min |. That is, the life span of the 


astronaut (reckoned by the duration of the total number of his heartbeats) is much longer as 
measured by an Earth clock than by a clock aboard the space vehicle. 


The 0.8c and the 20 ly are measured in the Barth frame, 
x 20ly 20ly 1c _ 250 yr. 
v 08c  08c 1ly/yr 


so in this frame, At = 


We see a clock on the meteoroid moving, so we do not measure proper time; that clock 
measures proper time. 
At 25.0 yr 


Y a.v 


Method one: We measure the 20 ly on a stick stationary in our frame, so it is proper length. 

The tourist measures it to be contracted to 

L, 20 ly 20 ly 

Y 1/v1-08? 1667 

Method two: The tourist sees the Earth approaching at 0.8c 
(0.8 ly/yr)(15 yr) =| 12.0 ly |. 


Not only do distances and times differ between Earth and meteoroid reference frames, but 
within the Earth frame apparent distances differ from actual distances. As we have 
interpreted it, the 20-lightyear actual distance from the Earth to the meteoroid at the time of 
discovery must be a calculated result, different from the distance measured directly. Because 
of the finite maximum speed of information transfer, the astronomer sees the meteoroid as it 
was years previously, when it was much farther away. Call its apparent distance d. The time 


250 yrv1—0.87 = 25.0 yr(0.6) =| 15.0 yr 


At = At): At, 


L= 


12.0 ly |. 


required for light to reach us from the newly-visible meteoroid is the lookback time t = T 
c 


The astronomer calculates that the meteoroid has approached to be 20 ly away as it moved 
with constant velocity throughout the lookback time. We can work backwards to reconstruct 
her calculation: 


E ly +0.8ct = 20 ly + 23% 


0.2d = 20 ly 

d=100 ly 
Thus in terms of direct observation, the meteoroid we see covers 100 ly in only 25 years. 
Such an apparent superluminal velocity is actually observed for some jets of material 
emanating from quasars, because they happen to be pointed nearly toward the Earth. If we 
can watch events unfold on the meteoroid, we see them slowed by relativistic time dilation, 
but also greatly speeded up by the Doppler effect. 
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P39.9 


P39.10 


P39.11 


Relativity 
At 2 2 
At = JA, = P so At, =| 1 - — lataj 1-— hat 
T - v’ fe? c 2c 
v? 
and At — At, =| — |At. 
6 
If 9-1000 km/n- 00x10 m. 99778 m/s 
3 600 s 
v -7 
then — 29.26 x 10 
C 
and (At - ^t, - (428x107 (3600 s) = 154x10? s 
[ 
For — = 0.990, y = 7.09 
C 
(a) The muon’s lifetime as measured in the Earth's rest frame is 
ALL 460 km 


~ 0.990c 


and the lifetime measured in the muon's rest frame is 


A 1 4.60 x 10? m 
P” y 799|0990(3.00x10* m/s) 


At - [248 ys |. 


2 L 3 
U p  4.60x10° m 
b EIL =| 649 m 
e u =p a] 
The spaceship is measured by the Earth observer to be length-contracted to 


2 2 
- U E o E EA 
L=L, 1-— or L -gfi 7} 


Also, the contracted length is related to the time required to pass overhead by: 


2_ 7,242 _ ¥ 2 
L=vt or L* =v't eris : 


2 
. : ; 2_ 72 
Equating these two expressions gives — L5 — L, a (ct) E 


2 
Or L «(cy |—-. 
| «eo^ 7-5 
Using the given values: L, =300 m and t-7.50x107 s 
à 
this becomes (1.41 x 10? m?) -9.00 x 10* m? 


C 


giving v =| 0.800c |. 


1.54 ns |. 


P39.12 


P39.13 


P39.14 
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(a) The spaceship is measured by Earth observers to be of length L, where 
v? 
L=L, m and L=vAt 
2 2 
Y 2412 T2 v 
vAt = L, l=- and o-At “41-5 
C C 
Solving for v o^ At? + zi Le v= NE : 
: : cr At? + D 
ENT 300 m 
(b) The tanks move nonrelativistically, so we have v = le 4.00 m/s |. 
s 
(c) For the data in problem 11, 
i c(300 m) " deu = -0.800c 
Je x10° m/s) (0.75 x10% s) +(300 m)? V225? +3007 m 
in agreement with problem 11. For the data in part (b), 
v= aa = A B -133x10c- 400 m/s 
Ie x10* m/s) (75 s)? +(300 m)? (225 x10) +300? m 
in agreement with part (b). 
We find Cooper's speed: cn LED 
r r 
1/2 
cM T | (6.67x10)(5.98 x10”) 
Solving, = = 2 -782 km/s. 
(R+h) (6.37 x 10° 0.160 x 10°) 
2n(R+h) 27(6.53x 10°) : 
Then the time period of one orbit, T= = 3— = 5.25 x 10° s. 
v 7.82 x10 
32 
(a) The time difference for 22 orbits is At - At, = (y —1)At, = f 2 ifn 
1 v? 1(782x10? m/s Ý 
At-At, a| 1 — 7-1 (22T)=—| ——— 22(5.25 x 10? s) - [39.2 us |. 
Ac 24 3x10" m/s 
: 39.2 us ; mE 
(b) For one orbit, At — Af, = 3 7 1.78 us . The press report is | accurate to one digit |. 
1 
y- =1.01 so v — 0.140c 


1- (v?/c?) 
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P39.15 


*P39.16 


P39.17 


Relativity 
(a) 


(b) 


Since your ship is identical to his, and you are at rest with respect to your own ship, its 
length is | 20.0 m |. 


His ship is in motion relative to you, so you measure its length contracted to | 19.0 m |. 


2 


v 
We have L=L, i 


2 
L 190m 0.950 =.1-— and 903157. 


L, 200m c? 


from which 


In the Earth frame, Speedo’s trip lasts for a time 


Ax  20.0ly 


v 0.950 ly/yr 


= 2105 yr. 


Speedo's age advances only by the proper time interval 


At, = 


=A 5105 yrv1— 0.95? =6.574 yr during his trip. 
Y 


Similarly for Goslo, 


2 
AE est 2001y — 1-075? -1764yr. 


v c? 0.750 ly/yr 


While Speedo has landed on Planet X and is waiting for his brother, he ages by 


20.0 ly 20.0 ly 


0.750 ly/yr 0.950 ly/yr 


Then 


(a) 


(b) 


(c) 


(d) 


—- 5.614 yr. 


Goslo | ends up older by 17.64 yr — (6.574 yr + 5.614 yr) =| 5.45 yr |. 


At, __ 15.0 yr 
ft-(o/c)? — 1- (0.700) 


At = At, = =| 21.0 yr 


d = 0( At) = [0.7000 21.0 yr) = [(0.700)(1.00 1y/yr) (21.0 yr) =[147 ly 


The astronauts see Earth flying out the back window at 0.700c: 
d=v(At, )=[0.700c](15.0 yr) =[(0.700)(1.00 ly/yr)|(15.0 yr) - | 10.5 ly 


Mission control gets signals for 21.0 yr while the battery is operating, and then for 14.7 years 
after the battery stops powering the transmitter, 14.7 ly away: 


21.0 yr +14.7 yr =| 35.7 yr 


P39.18 


P39.19 
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G 2 
The orbital speed of the Earth is as described by 3 F = ma: a at 
r 


=2.98 x10* m/s. 


v= 


m ae N-m?/kg? (199 x10? kg) 
r 1.496 x10"! m 


The maximum frequency received by the extraterrestrials is 


I+ojc 1+(2.98 x10* m/s)/(3.00x10° m 


fobs x feoir 1- vje 


E 6 
= pul) 1-(2.98 x10* m/s)/(3.00 x 10® m/s) 


The minimum frequency received is 


Tao 1-(2.98x10* m/s)/(3.00 x 10° m/s 


Tis * foue 1+ "T 


E 6 
Sete) 1+(2.98 x10* m/s) /(3.00 x 10® m/s) 


The difference, which lets them figure out the speed of our planet, is 


(57.005 66 — 56.994 34) x 10° Hz =| 1.13 x 10* Hz |. 


(a) Let f, be the frequency as seen by the car. Thus, f, = NN: ee 
c-v 


and, if f is the frequency of the reflected wave, fzf J uc 
Cc-U 


S 
/ ) =57.005 66 x 10° Hz. 


/ ) =56.99434x10 Hz. 
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fad ; (c* v) 
Combining gives Í = fsouce —— |: 
(c - v) 
(b) Using the above result, f(c- 9) fauc * 0) 
which gives (f Jose t d (f + fsource JV ad 2f aseo € " 
2 
The beat frequency is then fim fec source? = = . 
C 
(2)(30.0 m/s)(10.0x10? Hz) (2(30.0 m/s 
(c) foveat = l 5 E X / ) -2000 Hz =| 2.00 kHz 
3.00 x 10° m/s (0.030 0 m) 
00 x 10° 
PENES _ 3.00 x = m/s zm cS 
feource — 10.0x10^ Hz 
5 Hz)(0.030 0 m 
(d) pofiea so jp Bai o l ) =| 0.0750 m/s ~ 0.2 mi/h 


2 2 2 
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P39.20 (a) When the source moves away from an observer, the observed frequency is 


12 
C—- 0, 
fobs = Taubes where Us = Usource - 
C+9, 


When v, <<c, the binomial expansion gives 


(e^ -b- Te E^ 4(- 


v 
So, fobs ^ Tasisee h » 2) . 
The observed wavelength is found from c =A op fobs = Afeource : 
A c Afsoasce A Al spies A 


" Z = 
= fobs Fronts L0 05 6) 1-v,/c 


AXES edis] — ag) tut: 
1-v,/c 1-o,/c 


Since 1- Ps z1 AA P U source 
gir À É 
AA 20.0 nm 
(b) Usource = À = q 397 nm ) =| 0.050 4c 


*P39.21 For the light as observed 
T 1+o/c 1+o/c 
obs 7 Wan = 1- "T source 7 1- "T [UT 


Ic uc -Aussce. 650 nm 1+v/c -1252 -1562 
1-v/ic Ag,  520nm 1- ofc 
v 0.562 - 


145 965 T8825 Z 90 
C C c 2.562 


v=] 0.220c |2 6.59 x 107 m/s 


Section 39.5 The Lorentz Transformation Equations 


*P39.22 Let Suzanne be fixed in reference from S and see the two light-emission events with coordinates 
x, =0,t, 20, x, 20, t; 23 us. Let Mark be fixed in reference frame 5’ and give the events 
coordinate x, 20, ti 20,15 29 us. 


(a) Then we have 
t5 -y(t -ra 
idi Ta er) EAS 
E 02 0943c 
C 9 
(b x} = (xp -vt;) = 3(0- 09430 x3 x10 (eme) -|2.55x10? m 


P39.23 


*P39.24 


P39.25 
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1 10.0 S 1 (Earth fixed ref. frame) 


1 
y ji x o? jc? Ji _ 0.9952 S, (rod's rest frame) 


We are also given: L, = 2.00 m, and 0 230.0? (both measured in a 


reference frame moving relative to the rod). 


Thus, Li, = L, cos0, = (2.00 m)(0.867) = 1.73 m 
and Ly, = L, sin, = (2.00 m)(0.500) = 1.00 m 
L 
Lz, is a proper length, related to Lj, by Ly, 2 —. 
2 1 1 y FIG. P39.23 
Therefore, L5, =10.0L,, 217.3 m 
and Lay = Liy - 1.00 m. 


(Lengths perpendicular to the motion are unchanged). 


2 
(a) Ly 2 (Lor) +(Lay) gives L,-174m 
E L5, ^ » 
(b) 05 =tan E gives 05 — 3.30 
2x 


Einstein's reasoning about lightning striking the ends of a train shows that the moving observer sees 
the event toward which she is moving, event B , as occurring first. The S-frame coordinates of the 
events we may take as (x -0, y=0, z=0, t=0) and (x 100m, y=0, z=0, t=0). Then the 
coordinates in S’ are given by the Lorentz transformation. Event A is at (x' 20, y'20,z'20,1' 20). 
The time of event B is 


t ft x)=- ; (o TE SUM J ise 


t ATE i 3x10° m/s 


C C 
The time elapsing before A occurs is | 444 ns |. 


(a) From the Lorentz transformation, the separations between the blue-light and red-light 
events are described by 


Ax! = y(Ax — vAL) 0- y|2.00 m - (8.00 x 10? s)| 


v- 200m — [250x105 m/s : -181. 
8.00 x10” s 


y= 2 2 
J1- (250x10° m/s) (3.00 x10" m/s) 


(b) Again from the Lorentz transformation, x’ = y(x — vt): 


x' =181[3.00 m- (2.50108 m/s)(1.00 x10 s) 


x'=| 497m]. 


8 
(2.50 10 a) (3.00 m) 


(c) rris]: t 181] 100x10? s 
(800x105 m/s) 


t =| -133x10? s 
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Section 39.6 The Lorentz Velocity Transformation Equations 
P39.26 u, = Enterprise velocity 


v = Klingon velocity 


From Equation 39.16 
E ee 09000-08000 rag]. 
1-u,o/c? 1-(0.900)(0.800) 
FIG. P39.26 
P3927 ut u -=u —0.750c—-0.750c _ —0960c 


"l-u,v/c) 1-(-0780)(0.750) 


FIG. P39.27 
*P39.28 Let frame S be the Earth frame of reference. Then v=-0.7c. 
The components of the velocity of the first spacecraft are u, = (0.6c) cos50°= 0.386c 
and u, = (0.6c)sin 50? — 0.459c . 
As measured from the S' frame of the second spacecraft, 
- 0.386c - (-0.7 : 
gi UN am c-( c) : .1086c _ 9 955, 
l-u,v/c^ 1-[(0.386c)(-0.7c)/c?] 127 
uy 0.459c4/1 - (0.7)? 0.459c(0.714) D 
u! = = = = 0.258c 
4 y -u,v /c?) 1- (0.386)(-0.7) 1.27 
The magnitude of u' is (0.8550)? + (0.285c)? =[0.893c 
and its direction is at tan! Mus =| 16.8° above the x'-axis |. 
0.855c 
Section 39.7 Relativistic Linear Momentum and the Relativistic Form of Newton's Laws 
P39.29 (a) p =y mu; for an electron moving at 0.010 0c, 
1 
y- - = 1.000 05 ~ 1.00. 
ji - (uje)? " — (0.010 0)” 
Thus, p=1.00(9.11 x10! kg)(0.010 0)(3.00 x 10° mys) 


=| 2.73x10™ kg.m/s |. 
p g 


(b) Following the same steps as used in part (a), 
we find at 0.500c, y 21.15 and p-|158x10 7? kg-m/s |. 


(c) At 0.900c, y — 2.29 and p-|5.64x10 7? kg-m/s |. 


P39.30 


P39.31 


P39.32 


P39.33 


Using the relativistic form, 
we find the difference Ap from the classical momentum, mu: 


(a) The difference is 1.00% when (y — 1)mu = 0.010 0y mu : 
NU 
thus 1— (4) = (0.990)? , and 
C 
(b) The difference is 10.0% when (y — 1)mu = 0.100y mu : 


2 
thus 1-(4) = (0.900)? and 
C 


Chapter 39 
mu 
p=- = y mu 
1-(u/c) 
Ap-ymu-mu-(y -1)mu. 
1 1 
” = 0990. 2 
i 1- (u/c) 
u=]| 0.141c |. 
1 1 
” = 0:900 2 
909. 4 (uc) 
u=| 0.436c 


= = 2 2 
p-mu ymu-mu — 4, cbe 1 lei 22) 1 2d 
mu mu l1- (uje)? 2 2\e 
2 
p-mu 1 90.0 ms -lA450x 10 
mu 2\ 3.00 x 10° m/s 
2 2,2 
p-— — becomes f : 
1- (u/c) d p 
2 
which gives: T= em. ij 
p^ c 
2.2 
Or er : | and u- : 
p (n? c? [p? «1 
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Relativistic momentum of the system of fragments must be conserved. For total momentum to be 


zero after as it was before, we must have, with subscript 2 referring to the heavier fragment, and 


subscript 1 to the lighter, p; =p, 


2.50x10 75 kg 


x (0.893c) 


or VY 2M H5 — y qu, = 


1- (0.893)? 


(1.67 x10? kg)u; 


or = (4960x107 kg)c. 


1-(u;/c)^ 


2 
167x107 u, E ui 
4.960 x10 7 c 


Proceeding to solve, we find 


2 
12322.—1 and u, =[0.285¢ |. 
C 
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Section 39.8 Relativistic Energy 


P39.34 


P39.35 


P39.36 


AE - (y, - y 3)mc? 


For an electron, mc? 20.511 MeV 


1 1 2 
(a) AE- f (-0810) a 0250) Je =| 0.582 MeV 


(b) AE = : > | 1 Inc? =[2.45 MeV 
q1-(0990)  Y1-0.810 


YWw-K,-K;- : 1 mc? : mc? 


1- (v; Jc)" 1-(vijo)* 


or È W= i 1 mc? 


i -(v; Jc) Ja - Guo? 


1 1 
J1-(0750? 4/1- (0.500)? 


@ Zw- (1673x107 kg)(2.998 x108 m/s)" 


XW =| 5.37x10" J 


1 1 
J1-(0995)? 4 - (0.500)? 


b | Yw- (1673x107 kg (2.998 x10* m/s} 


YW =| 133x107 J 


1 


The relativistic kinetic energy of an object of mass m and speed u is K, = m pe : 
1-u^jc 


1 


[00100 


The classical equation K, = Que gives K,= 5 (1000 = 0.005 000mc* 


For u=0.100c , K,= | 1 = 0.005 038mc? . 


different by iuc ae 000 = 0.751%. 


For still smaller speeds the agreement will be still better. 


P39.37 


P39.38 


P39.39 


P39.40 
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E =y mc? - 2mc? or y=2 
2 
Thus, ^ 1 i E. yao 
C y 2 2 
; cv3 mc? 
The momentum is then p-ymu-2m 2m V3 
C 
2E E Myg- 163x102 MeV 
C 
2 
(a) Using the classical equation, K = qm = js kg (1.06 x 10? m/s) =| 438x10!! J |. 
(b) Using the relativistic equation, K = EE 1 mc? . 
1- (v/c) 
2 
K- : z-1(780 kg)(2.998x10* m/s =| 438 x10" J 
" - (1.06 x 105/2.998 x 10°) 
2T 3 
v ; : : à v 1/v 
When —<<1 , the binomial series expansion gives f - (=) slc x) 
C C C 
v ay 1(vY 
Thus, | 1z ( s 
C 2\c 
vY 1 
and the relativistic expression for kinetic energy becomes K « (2) mc? =—mv?. That is, in 
C 
the limit of speeds much smaller than the speed of light, the relativistic and classical 
expressions yield the same results. 
2 
(a) Eg mc? - (L67 x10 7 kg)(2.998 x 10° m/s) 2150x107" J - [938 MeV 
-10 
d) Baynes 5. = 4.81 x 107" J =| 3.00 x 10? MeV 
| E (0.950¢/c)"| 
(c) K =E-mc* 2481x101? [2150x101 J=3.31x 107? J =| 2.07 x 10° MeV 


The relativistic density is 


Ep mc? m m 


8.00 g 


c We (Xs), 1-(wej | (100 cm)? fi - (0.900)? 


=| 18.4 g/cm? 4 
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P39.41 


*P39.42 


P39.43 


P39.44 


Relativity 


We must conserve both energy and relativistic momentum of the K 
system of fragments. With subscript 1 referring to the 0.868c 
particle and subscript 2 to the 0.987c particle, 


1 1 " 

y4- 5 =2.01 and y, = ; -62. ! S. at rest 

1 - (0.868) 1- (0.987) M =3.34x 1077 kg 
Conservation of energy gives E, + E; = Eug y 
which is y mc? * y m4c? = Miotal” it, 3! 
Or 2.01m; + 6.22m, =3.34x10 kg. E S Rcs. 
This reduces to: m, +3.09m, =1.66 x10 7 kg. (1) 
Since the final momentum of the system must equal zero, p, = pz v,=-0.868¢ | v,- 0.987c 
gives f1m1u — y mu» 
or (2.01)(0.868c)m, = (6.22)(0.987c)m ; FIG. P39.41 
which becomes m —3.52m;. (2) 


Solving (1) and (2) simultaneously, m, =| 8.84x10 ? kg | and m, =| 251x10 ?? kg |. 


900 kgc? Mc? 


1400 kgc? + z 
41-085? 1-0/0? 


Energy conservation: 


1 

41-0? 
2 

3108 kg, 1- —— =M. 


c? 


900 kg(0.85c) || Mo 


Momentum conservation: 0+ 
41-085? 1-0? /c? 


2 
1452 kg 1- 5. - MP. 
C C 


1452 
(a) Dividing gives 2- vu = 0.467 v — 0.467c |. 
C 


(b) Now by substitution 3108 kgy1- 0.467? =| M 2 275 x 10° kg |. 


E-ymc? p-ymu 


E? = (ym)? p? = (y mi)? 


E? -p°c? =(y mc?) -(y mu) c? = 7° (mc?) - (mc) u? ) = (me?) f at z| = (mc?) 


Q.E.D. 


() . q(AV)-K-(y-1)m,c? 
1 Lx q(AV) 


2 
1 - (ufo) ee 


(b — Ke-(y-1)m,c? =q(AV) = (1.60 x10? C)(2.50x10* J/C)=| 400x107 J 


from which | u =0.302c |. 


Thus, y = 


P39.45 


*P39.46 


P39.47 


Chapter 39 


(a) E =y mc? = 20.0 GeV with mc? =0.511 MeV for electrons. Thus, 
| 20.0x10° eV _ 


> 3.91 x 10* 
0.511 x 105 eV 
(b+) y= v—— - 3.91 x 10^ from which [1 = 0.999 999 999 7c 
1-(u/c) 
2 L 3 
() | L-Lj (4) =e Sx 767x107? m- [7.67 cm 
C y 3.91x10 
SERO rcs 200x109 W 


(a) 9 


At 100x10 s 


(b) The kinetic energy of one electron with v = 0.999 9c is 


1 


1 - 0.999 9? 


=572x10 J 


(y -1)mc? = 1 9.11x 10? kg(3 x10° m/s) = 69.7(8.20 x 10^ J) 


sec MOS i -12 
Then we require 100^ J= N(5.72 x10 J) 


E 
ye I - sspeqgn] 
572x107] 


Conserving total momentum of the decaying particle system,  Ppefore decay = Patter decay =O 
Po = Pu = mM „u = y(207m,)u. 


Conservation of mass-energy for the system gives E, +E, = E,: ym ie +p,c=m,c” 


y(207m,) P» = 273m,. 
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Substituting from the momentum equation above, y(207m,)+7(207m,) 4 =273m, 
[9 
or 2t He 1.32: DU pt E 0.270. 
c) 207 1-u/c C 
Then, K,-(y-1)m,c? - (y -1207(m,c? : K,- : =~1207(0.511 MeV) 
1- (0.270) 
K,, =| 4.08 MeV |. 
Also, E,-E,-E, E, 2 m,c? -y m,c? = (273 - 207y)m,c? 
E, =| 273 207 __ (0.511 MeV) 
1- (0.270)? 
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*P39.48 


20- u-—90 


rest in the primed frame with u1 =e 
1-140 j c 


Uz -0 —3c/4—3c/4 


(a) 


Then u, = 


3c 


Let observer A hold the unprimed reference frame, with u = “ and u, =- 7» Let observer B be at 


— | 3€ 
=u,=—. 
4 


-1.5c 


3c/2 24 F 
25/16 25 


speed 


0.960c |. 


uz 


(b) 


mc 


41-075? 


In the primed frame the energy is 


y mc? +y mc? =2 - 3.02mc?. 


mc? 


1-u5v/c? 1-(-3c/A(-3c/4) 1«9/16 


In the unprimed frame the objects, each of mass m, together have energy 


= 457mc?, greater by 


mc? 
41-0? 


+ 
41 - 0.96? 


457mc? H 
3.02 mc? 


1.51 times greater as measured by observer B |. 


Section 39.9 Mass and Energy 


P39.49 Let a 0.3-kg flag be run up a flagpole 7 m high. 


We put into it energy 


"m = 20) 


So we put into it extra mass 7 A 
5 (3 x10* m/ s) 


2:107 kg 


~107 |. 
0.3 kg 


for a fractional increase of 


P39.50 


mgh — 0.3 kg(9.8 m/s?)7 m « 20]. 


2x10 16 kg 


E = 2.86 x 10? J . Also, the mass-energy relation says that E = mc? . 


5 
Therefore, m- B - 286 x10"] = 


38x10 ? kg |. 


c* (3,00 10° mys) 


No, a mass loss of this magnitude (out of a total of 9.00 g) 


E pat 0.800(1.00x10° J/s)(3.00 yr)(3.16 x 10” s/yr) 


P39.51 Am =— = = 


could not be detected |. 


p e (3.00 «10° m/s) 


P39.52 Am = 


=| 0.842 kg 


2 


C C c? 


6.71 x10? kg 


E me(AT) pVe(AT) _ (1030 kg/m? (1.40 x10? (10? m) (4 186 J/kg-°C)(10.0 °C) 
: (3.00 x 10* mys) 


dE d(mc?) adm 


=3.77 x10% W 
dt dt dt 


P39.53 P 


dm | 3.77 x10% J/s 


Thus, z=|419x10° kg/s 


dt (3.00x10* mys) 


IV 


P39.54  2m,c? =1.02 MeV E, >| 1.02 MeV 


Section 39.10 The General Theory of Relativity 


GMpm | mo? = 
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*P39.55 (a) For the satellite XF = ma: ——; 
r r 


GM,T? - 47773 


13 
667 x 107 N-m?(5.98 x 10% kg)(43 080 s^ 
es 
kg?4z? 
r=| 2.66x10” m 
27(2.66 x10” m 
Gir - ee l k 3.87x10° m/s 
T 43 080 s 
(c) The small fractional decrease in frequency received is equal in magnitude to the fractional 


increase in period of the moving oscillator due to time dilation: 


1 


fractional change in f = -(y - 1) 


1 


fr - (3.87 x 10°/3 105" 


2 


3 
ER ees 


3 x 108 


2 
| | =| -8.34x 107! 


(d) The orbit altitude is large compared to the radius of the Earth, so we must use 


_GMem 
E 


u, = 


AU, = 


6.67 x10 Nm? (5.98 x10 kg)m | 6.67 x 10 Nm(5.98 x 10™ kg)m 
+ 


è kg? 2.66 x107” m 
-476x107 J/kgm 


kg 6.37 x 105. m 


Af AU, 476x107 m?/s? _ 


45.29 x 101? 


f m (310° m/s) 


(e) -8.34 x 107" +5.29x 10°! =| +4.46 x 10° 
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Additional Problems 


P39.56 (a) deann = Vt earth = VY Lao so (2.00 x 10° yr)c= ror yr 
—0 /C 
2 2 v?(2.25 x 107) 
v v 5 v 
1-2 =| £ |150 x10 1 = 

c? B ) c? c? 

v? -10 v -10\~1/2 1 -10 
1-— (1«225x10 ) so —=(1+2.25 x10 ) -1--(225x10 ) 

c? C 2, 


TFiTopiox107 
C 


2.00 x 10° 
(b) K- J =-1 pee | i ve ia 000)(1 000 kg)(3 x 10° m/s) =| 6.00 x107 J 
1-v^/c pt 


(c) 6.00 x 107 J= 6.00 x 10” i es if s (eI : }- $2.17 x10” 


kWh /)\10° A. J A3600 s 
P39.57 (a) 10? MeV = (y - 1)m,c? so y -10?? 
„_ t dti ca 2 
Vp RC nita 190 -10" yr~| 10° s 
(b) d'=ct'| - 10? km 
P39.58 (a) When K, - K,, mec? (y, - 1) e myc?(y, -1). 
In this case, m,c? =0.511 MeV , m,c? - 938 MeV 
-1/2 
and Ye -[r- (0.750)"| PES pSETO 
2 
m,c*(y,-1 0.511 MeV)(1.5119-1 
Substituting, yp =14 ( E ER X ) 1000 27 
m,c 938 MeV 
but Yo= l 


271/2 ` 
| -(u,/c) | 
Therefore, u, =c1—y;,” =| 0.023 6c |. 


(b) When p, =Pp f pM yu, — y eM Ue OF Y pup = 


y el Ue 


(1.5119)(0.511 MeV/c? )(0.750c) 


938 MeV/c? =61772x10~c 
ev/c 


Thus, y pUy = 


2 
u u 
and — =6.177 2x10 1-(*) 
C C 


which yields uy =| 618x10 *c |-185 km/s. 


P39.59 


*P39.60 


P39.61 


*P39.62 


(a) 


(b) 


(c) 


(d) 


(a) 


(b) 


Amc” _ 4(938.78 MeV) - 3728.4 MeV 
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Since Mary is in the same reference frame, S’, as Ted, she measures the ball to have the 


same speed Ted observes, namely |u‘|=| 0.800c |. 
L 12 

As = =| 50x10" s 
ws| 0.800(3.00x10* m/s) 


2 2 
L-L, 1-57 - (18010? m) 1-060)  IAIX107 m 
C C 


Since v =0.600c and uw; = —0.800c, the velocity Jim measures for the ball is 


p u +u  (=0.800c) + (0.600c) 
* 14utv/c?  14(-0.800)0.600) ~ 


0.385c |. 


Jim measures the ball and Mary to be initially separated by 1.44x 10? m. Mary's motion at 
0.600c and the ball's motion at 0.385c nibble into this distance from both ends. The gap closes 


at the rate 0.600c + 0.385c = 0.985c, so the ball and catcher meet after a time 


12 
Mie. LE PUT. ass 


0.985(3.00 x 108 m/s) 


The charged battery stores energy E- 9t- (1.20 J/s)(50 min)(60 s/min) = 3 600 J 


E 3 600 J 


so its mass excess is Am =— = =| 4.00 x 107" kg |. 


c* (3x 10% mys) 


-14 
a = aD RB =| 1.60 x107! | too small to measure. 


m ^ 25x10? kg 


x 10076 =| 0.712% 


mc 


The energy of the first fragment is given by E? = pic” + (mc?) 


4(938.78 MeV) 


2 


(1.75 MeV)? + (1.00 MeV)? 


E, = 2.02 MeV. 
For the second, EŻ = (2.00 MeV)? + (150 MeV)? E, = 2.50 MeV. 
(a) Energy is conserved, so the unstable object had E = 4.52 MeV . Each component of 


(b) 


momentum is conserved, so the original object moved with 


2 2 
p’ =pit+py = (7 Me) (= wey) . Then for it 
2 
(4.52 MeV)” - (175 MeV)” + (2.00 MeV)? +(mc”) MES d ) 
C 
2 
Now E =y mc? gives 4.52 MeV = T MeV jet 0.654, | v 2 0.589c |. 


ire d 
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P39.63 (a) Take the spaceship as the primed frame, moving toward the right at v =+0.600c. 


Then u! = 40.800c , and u, = PTT z= QUU OH ODO Gn 5 0.946c |. 
1+(u‘v)/c? —1--(0.800)(0.600) 
(b) pus. L = (0.200 ly),/1-(0 600)? =| 0.160 ly 
y 
(c) The aliens observe the 0.160-ly distance closing because the probe nibbles into it from one 
end at 0.800c and the Earth reduces it at the other end at 0.600c. 
160 T 
Thus, ling pareve: 
0.800c + 0.600c 
1 2 1 5 8 2 
(a) K=| == -1 me: K= 1 (4.00 x 10° kg)(3.00x10° m/s) 
1-u?/c? 1- (0.946)? 


K =| 750x102? J 


P39.64 In this case, the proper time is Tọ (the time measured by the students on a clock at rest relative to 
them). The dilated time measured by the professor is: At = yl 


where At=T +t Here T is the time she waits before sending a signal and t is the time required for 
the signal to reach the students. 


Thus, we have: T *tzylIpg. (1) 
To determine the travel time ft, realize that the distance the students will have moved beyond the 
professor before the signal reaches them is: d=v(T +t). 
The time required for the signal to travel this distance is: t= m (5r +t). 
C XC 
; ; (v/c)T 
Solving for t gives: t= : 
1- (v/c) 
Mey t ' : (v/c)T 
Substituting this into equation (1) yields: T+ =7h 
1- (v/c) 
T 
or =y To. 
1-v/c To 
1-(v/c 1-(v/c 1-(v/c 
then Tor, te), = — [. ES) 
fi-(2?/e?) Jp ip - rc) 1+ (v/c) 


P39.65 


P39.66 


P39.67 


P39.68 
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Look at the situation from the instructors’ viewpoint since they are at rest relative to the clock, and 
hence measure the proper time. The Earth moves with velocity v =—0.280c relative to the 
instructors while the students move with a velocity u’ = —0.600c relative to Earth. Using the velocity 
addition equation, the velocity of the students relative to the instructors (and hence the clock) is: 


' —0.280c) — (0. 
TEM EE es (USO (000: = —0.753c (students relative to clock). 


1«vu'/c? 1+(-0.280c)(-0.600c)/c* 


(a) With a proper time interval of At, 250.0 min, the time interval measured by the students is: 
1 


i 41 - (0.7530)? /c? 


Thus, the students measure the exam to last T =1.52(50.0 min) =| 76.0 minutes |. 


=1.52. 


At=y At, with 


(b) The duration of the exam as measured by observers on Earth is: 


1 


41 - (0.2806)? /c? 


The energy which arrives in one year is 


At - y At, with y = 


so T =1.04(50.0 min) =| 52.1 minutes |. 


E- At - (179x107. J/s(316 x10" s)- 5.66 10? J. 


24 
Ihi. geese 69019 Leges UT EE. 


c^ (800x109 mys) 


The observer measures the proper length of the tunnel, 50.0 m, but measures the train contracted to 
length 


2 
L=Lpy1 S -100 my1- (0.950)? 231.2 m 


shorter than the tunnel by 50.0 —31.2 =| 18.8 m | so | itis completely within the tunnel. |. 


If the energy required to remove a mass rm from the surface is equal to its rest energy mc”, 


then GM 
R; 
6.67 x10. N-m?/kg7}(1.99 x10” k 
- x, Ma f x aE NA g) 
c (3.00 x10? m/s) 


R, =1.47 x 10° m=] 1.47 km |. 
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At any speed, the momentum of the particle is given by 


mu 
p=ymu= = 
1- (u/c) 
-1/2 
dp d u? 
Since F -qE-——: E-2—|mu|1-—- 
TM : ‘| | 3 | 
E-nl1 T Tu du 1 gu 1 u’ T 
1 c? dt 2 c? c?) dt ` 
So gE du 1-u?/c? +u?/c* 
3/2 
m dt (i-e 
2 \3/2 
and Ht Eh 5 à 
dt m C 
NEEE . ; gE 
For u small compared to c, the relativistic expression reduces to the classical a= —. As u 
m 


approaches c, the acceleration approaches zero, so that the object can never reach the speed 
of light. 


qEct 


us 


242 


m’c’ +q°E 


P39.69 (a) 
(b) 
(c) 
P39.70 (a) 
(b) 


us x (nete +q°E*t? -mc) | 
3.2 E 


mc? «g^ E’. q 


An observer at rest relative to the mirror sees the light travel a distance D = 2d - x , where 
x= vts is the distance the ship moves toward the mirror in time f;. Since this observer 
agrees that the speed of light is c, the time for it to travel distance D is 


.D 2d-vtg 2d 


ts ts = 


C C Ct 


The observer in the rocket measures a length-contracted initial distance to the mirror of 


and the mirror moving toward the ship at speed v. Thus, he measures the distance the light 
t 
travels as D- 2(L- y) where y= = is the distance the mirror moves toward the ship before 


the light reflects from it. This observer also measures the speed of light to be c, so the time 
for it to travel distance D is: 


v? vt 


c? 


D 2 
C C 


2d |c—v 
C \c+v 


t d,|1 


so c (c+v)(c—v) or t= 


*P39.71 


*P39.72 


Take the two colliding protons as the system 


E, =K+mec? 


E? = pic? 4 m?c* 


2 
E, =mc 


P2 =0. 


In the final state, E, =K; +Mc?: EF = pic - M?c*. 


By energy conservation, E, + E; = Ej, so 


By conservation of momentum, 


Then 


Ef + 2E,E, + E2 = 


pic? e m?c* +2(K + mc? mc? +mc* 


= pic +M?c4 


Pi =PyF- 


M?c* = 2Kmc? + Am?c* = 


Mc? = 2mc? [1+ n : 
2mc 


By contrast, for colliding beams we have 


In the original state, 


In the final state, 


E +E, = Ey: 


Conservation of momentum y mu: 


mu m(-u) 


E =K+mc? 
E, -Kmc?. 
E, = Mc? 


K4 mc? +K e mc? = Mc? 


J 


Mc? = mers 


Mo, 2mu 


2 
Er 


mc 


{1-w?/c? Mica 7 NETS BENE 


Conservation of energy y mc?: 


Mc? Amc? 


mc gu "e 
A dfe a341-u?/ 


2u 


To start solving we can divide: v, = a Then 


M 


M 


Aa 3 i-u?/e? (1/2)}f4-u?/c? 


M- 2m44- u^ c? 


341—u^ /c? 


c? ftv fe? 31-12 /e? l 


2 
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p 
Or’ O 
initial 
(9e 
final 


initial (beams) 


© 


final (beams) 


FIG. P39.71 


í 4m . $ . 
Note that when v <<c, this reduces to M = E in agreement with the classical result. 
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P39.73 


P39.74 


Relativity 
(a) 


(b) 


(b) 


(a) 


Lo = Lox + Loy and P= +L. 


The motion is in the x direction: L, = Ly, = Lo sin 6o 


2 2 
L, =Lpy,{1 (2) (Lo cos Op) 1-(2) 
C 


C 


2 2 
Thus, I? = I2 cos? 6, | = (5) * L2 sin? 8, = uh a (2) cos? a| 
C 


71/2 


2 
or L= i -(2) cos? 6, 
C 


L 
tang - —^ = : zu y tan 0g 


*  Lg,41- (v/c) 


Consider a hermit who lives on an asteroid halfway between the Sun and Tau Ceti, 
stationary with respect to both. Just as our spaceship is passing him, he also sees the blast 
waves from both explosions. Judging both stars to be stationary, this observer concludes that 


the two stars blew up simultaneously |. 


We in the spaceship moving past the hermit do not calculate the explosions to be 
simultaneous. We measure the distance we have traveled from the Sun as 


2 
v 2 
L=L, 1-(2) = (6.00 ly)41— (0.800)? = 3.60 ly. 


We see the Sun flying away from us at 0.800c while the light from the Sun approaches at 
1.00c. Thus, the gap between the Sun and its blast wave has opened at 1.80c, and the time 
we calculate to have elapsed since the Sun exploded is 


3.60 ly 
1.80c 


= 2.00 yr. 


We see Tau Ceti as moving toward us at 0.800c, while its light approaches at 1.00c, only 
0.200c faster. We measure the gap between that star and its blast wave as 3.60 ly and 
growing at 0.200c. We calculate that it must have been opening for 


360ly -ay 
0.200c 


and conclude that | Tau Ceti exploded 16.0 years before the Sun |. 
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P39.75 Since the total momentum is zero before decay, it is necessary that after the decay 


E, 140 keV 
pem 


P nucleus = P photon ^ 


2 
Also, for the recoiling nucleus, E? = pic? + (mc?) with mc? 2 8.60 x 10? J=53.8 GeV. 


2 2 
Thus, (mc? «KJ. - (14.0 keV)? + (me?) or (1 + = = (= =) +1. 
mc 


mc? 


2 
So 14 Re 1(4) i 


2 2N mc? 


2 
(Binomial Theorem) 
mc 


mc 


2 
y, (140 key)? (14.0x10° eV) 


=| 182x107 eV |. 
? 2(53.8 x 10? eV) 


and 


2mc 


P39.76 Take m=1.00 kg. 


2 2 
The classical kinetic energy is K,- ; mu? = ; me*( 4) = (4.50 x 101 (2) 
C C 


and the actual kinetic energy is  K, = : 1 imc? - (9.00 x 1076 J) — — a 
1- (uje) 1- (u/c)' 

^ 150 

* K, (J) K, (J) 
0.000 0.000 0.000 y 100 j 
0.100 0.045x10'° 0.0453 x 1076 (P) 
0.200 0.180x10/^ 0.186 x 10!6 50 — 
0.300 0.405x10% 0.435 x 10" = 
0.400 0.720x10!/6 0.820 x 101 i ROTER 

^ AN 00 02 04 06 O08 10 
0.500 1.13x10 1.39 x10 do 
0.600 1.62x10'°  225x10!6 Classical = Relativistic 
0.700 221x10/5  3.60x10!6 
0.800 2.8810 — 6,00x10!6 FIG. P39.76 
0.900 3.65x10'°  11.6x10!6 
0.990 441x105  548x10!é 
1(u/ 1 
K. =0.990K,, when > : = 0.990 > 1], yielding u=| 0.115c |. 
1- (u/c) 


Similarly, K,=0.950K, when u-|0.257c 


and K,=0.500K, when u=| 0.786c |. 
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ANSWERS TO EVEN PROBLEMS 


P39.2 (a) 60.0 m/s; (b) 20.0 m/s; (c) 44.7 m/s P39.44 (a) 0.302c; (b) 4.00 fJ 
P39.4 see the solution P39.46 (a) 20.0 TW; (b) 3.50 x 107 electrons 
P39.6 0.866c P39.48 (a) 0.960c; (b) 1.51 times greater as 
measured by B. 

P39.8  (a)250 yr; (b) 15.0 yr; (c) 12.0 ly 

P39.50 — 318x10 ? kg, not detectable 
P39.10 (a) 2.18 us; (b) The moon sees the planet 

surface moving 649 m up toward it. P39.52  671x10? kg 
cL 
P39.12 (a) ————À —; (b) 400 m/s; P3954 — 1.02 MeV 
JcA?P 4 n 
(c) see the solution P39.56 (a) ~=1-112x 107"; (b) 6.00 x 10 J; 
C 
20 
P3914 — v=0.140c (se st 
: -4 
P39.16 5.45 yr, Goslo is older P39.58 (a) 0.023 6c; (b) 6.18 x10 c 
P39.18 11.3 kHz P39.60 (a) 4.00 x107" kg; (b) 1.60 x107" 
P39.20 (a) see the solution; (b) 0.050 4c P39.62 (a) 3.65 ee ; (b) v - 0.589 
C 

P39.22 (a) 0.943c; (b) 2.55 km 

P39.64 see the solution 
P39.24 B occurred 444 ns before A 

P39.66 6.28x10” kg 
P39.26 0.357c 

P39.68 1.47 km 
P39.28 | 0.893c at 16.8? above the x'-axis 

2d 2d |c-v 
P39.30 (a) 0.141c; (b) 0.436c PO. v m CIA 
P39.32 see the solution 
fag fe 

p3972. M=2" Ta 
P39.34 (a) 0.582 MeV; (b) 2.45 MeV 3 \1-u?/c 
P39.36 see the solution P39.74 (a) Tau Ceti exploded 16.0 yr before the 

Sun; (b) they exploded simultaneously 

P39.38 (a) 438 GJ; (b) 438 GJ 

P39.76 see the solution, 0.115c, 0.257c , 0.786c 
P3940 184 g/cm? 
P39.42 (a) 0.467c; (b) 275 x 10? kg 


CHAPTER OUTLINE 


Blackbody Radiation and 
Planck’s Hypothesis 


Introduction to Quantum Physics 


ANSWERS TO QUESTIONS 


The Photoelectric Effect Q40.1 Planck made two new assumptions: (1) molecular energy is 
The Compton Effect quantized and (2) molecules emit or absorb energy in discrete 
Photons and irreducible packets. These assumptions contradict the classical 
Electromagnetic Waves idea of energy as continuously divisible. They also imply that 
The Wave Properties of t th definite struct it tiustb 
Barieles an atom must have a definite structure—it cannot just be a 
The Quantum Particle soup of electrons orbiting the nucleus. 

The Double-Slit Experiment 

Revisited Q40.2 The first flaw is that the Rayleigh—Jeans law predicts that the 


The Uncertainty Principle 


intensity of short wavelength radiation emitted by a blackbody 
approaches infinity as the wavelength decreases. This is known 
as the ultraviolet catastrophe. The second flaw is the prediction 
much more power output from a black-body than is shown 
experimentally. The intensity of radiation from the blackbody 
is given by the area under the red I(A, T) vs. A curve in 


Figure 40.5 in the text, not by the area under the blue curve. 
Planck’s Law dealt with both of these issues and brought 

the theory into agreement with the experimental data by 

adding an exponential term to the denominator that depends 


on L. This both keeps the predicted intensity from 


approaching infinity as the wavelength decreases and keeps 
the area under the curve finite. 


Q40.3 Our eyes are not able to detect all frequencies of energy. For example, all objects that are above 0 K 
in temperature emit electromagnetic radiation in the infrared region. This describes everything in a 
dark room. We are only able to see objects that emit or reflect electromagnetic radiation in the visible 


portion of the spectrum. 


Q40.4 Most stars radiate nearly as blackbodies. Vega has a higher surface temperature than Arcturus. Vega 


radiates most intensely at shorter wavelengths. 


Q40.5 No. The second metal may have a larger work function than the first, in which case the incident 


photons may not have enough energy to eject photoelectrons. 


040.6 Comparing Equation 40.9 with the slope-intercept form of the equation for a straight line, y=mx+b, 
we see that the slope in Figure 40.11 in the text is Planck's constant h and that the y intercept is —¢, 
the negative of the work function. If a different metal were used, the slope would remain the same 
but the work function would be different, Thus, data for different metals appear as parallel lines on 


the graph. 
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Q40.7 


Q40.8 


Q40.9 


Q40.10 


Q40.11 


Q40.12 


Q40.13 


Q40.14 


Q40.15 


Q40.16 


Q40.17 
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Wave theory predicts that the photoelectric effect should occur at any frequency, provided the light 
intensity is high enough. However, as seen in the photoelectric experiments, the light must have a 
sufficiently high frequency for the effect to occur. 


The stopping voltage measures the kinetic energy of the most energetic photoelectrons. Each of 
them has gotten its energy from a single photon. According to Planck's E = hf, the photon energy 
depends on the frequency of the light. The intensity controls only the number of photons reaching a 
unit area in a unit time. 


Let's do some quick calculations and see: 1.62 MHz is the highest frequency in the commercial AM 


band. From the relationship between the energy and the frequency, E = hf , the energy available 


from such a wave would be 1.07 x 10 ? J, or 6.68 neV. That is 9 orders of magnitude too small to 


eject electrons from the metal. The only thing this student could gain from this experiment is a hefty 
fine and a long jail term from the FCC. To get on the order of a few eV from this experiment, she 
would have to broadcast at a minimum frequency of 250 Thz, which is in the infrared region. 


No. If an electron breaks free from an atom absorbing a photon, we say the atom is ionized. 
Ionization typically requires energy of several eV. As with the photoelectric effect in a solid metal, 
the light must have a sufficiently high frequency for a photon energy that is large enough. The gas 
can absorb energy from longer-wavelength light as it gains more internal energy of random motion 
of whole molecules. 


Ultraviolet light has shorter wavelength and higher photon energy than visible light. 


(c) UV light has the highest frequency of the three, and hence each photon delivers more energy to a 
skin cell. This explains why you can become sunburned on a cloudy day: clouds block visible light 
and infrared, but not much ultraviolet. You usually do not become sunburned through window 
glass, even though you can see the visible light from the Sun coming through the window, because 
the glass absorbs much of the ultraviolet and reemits it as infrared. 


The Compton effect describes the scattering of photons from electrons, while the photoelectric effect 
predicts the ejection of electrons due to the absorption of photons by a material. 


In developing a theory in accord with experimental evidence, Compton assumed that photons 
exhibited clear particle-like behavior, and that both energy and momentum are conserved in 
electron-photon interactions. Photons had previously been thought of as bits of waves. 


The x-ray photon transfers some of its energy to the electron. Thus, its frequency must decrease. 
A few photons would only give a few dots of exposure, apparently randomly scattered. 


Light has both classical-wave and classical-particle characteristics. In single- and double-slit 
experiments light behaves like a wave. In the photoelectric effect light behaves like a particle. Light 
may be characterized as an electromagnetic wave with a particular wavelength or frequency, yet at 
the same time light may be characterized as a stream of photons, each carrying a discrete energy, hf. 
Since light displays both wave and particle characteristics, perhaps it would be fair to call light a 
"wavicle". It is customary to call a photon a quantum particle, different from a classical particle. 


Q40.18 


Q40.19 


Q40.20 


Q40.21 


Q40.22 


Q40.23 


Q40.24 


Q40.25 


Q40.26 


Chapter 40 463 


An electron has both classical-wave and classical-particle characteristics. In single- and double-slit 
diffraction and interference experiments, electrons behave like classical waves. An electron has mass 
and charge. It carries kinetic energy and momentum in parcels of definite size, as classical particles 
do. At the same time it has a particular wavelength and frequency. Since an electron displays 
characteristics of both classical waves and classical particles, it is neither a classical wave nor a 
classical particle. It is customary to call it a quantum particle, but another invented term, such as 
"wavicle", could serve equally well. 


The discovery of electron diffraction by Davisson and Germer was a fundamental advance in our 
understanding of the motion of material particles. Newton's laws fail to properly describe the 
motion of an object with small mass. It moves as a wave, not as a classical particle. Proceeding from 
this recognition, the development of quantum mechanics made possible describing the motion of 
electrons in atoms; understanding molecular structure and the behavior of matter at the atomic 
scale, including electronics, photonics, and engineered materials; accounting for the motion of 
nucleons in nuclei; and studying elementary particles. 


2 


If we set T = qAV , which is the same for both particles, then we see that the electron has the 
m 
smaller momentum and therefore the longer wavelength [2 = *) 
p 


Any object of macroscopic size—including a grain of dust—has an undetectably small wavelength 
and does not exhibit quantum behavior. 


A particle is represented by a wave packet of nonzero width. The width necessarily introduces 
uncertainty in the position of the particle. The width of the wave packet can be reduced toward zero 
only by adding waves of all possible wavelengths together. Doing this, however, results in loss of all 
information about the momentum and, therefore, the speed of the particle. 


The intensity of electron waves in some small region of space determines the probability that an 
electron will be found in that region. 


The wavelength of violet light is on the order of : um, while the de Broglie wavelength of an 
electron can be 4 orders of magnitude smaller. Would your height be measured more precisely with 


: spo eds 1 
an unruled meter stick or with one engraved with divisions down to 1g mm? 


The spacing between repeating structures on the surface of the feathers or scales is on the order of 
1/2the wavelength of light. An optical microscope would not have the resolution to see such fine 
detail, while an electron microscope can. The electrons can have much shorter wavelength. 


(a) The slot is blacker than any black material or pigment. Any radiation going in through the 
hole will be absorbed by the walls or the contents of the box, perhaps after several 
reflections. Essentially none of that energy will come out through the hole again. Figure 40.1 
in the text shows this effect if you imagine the beam getting weaker at each reflection. 


continued on next page 
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(b) The open slots between the glowing tubes are brightest. When you look into a slot, you 
receive direct radiation emitted by the wall on the far side of a cavity enclosed by the fixture; 
and you also receive radiation that was emitted by other sections of the cavity wall and has 
bounced around a few or many times before escaping through the slot. In Figure 40.1 in the 
text, reverse all of the arrowheads and imagine the beam getting stronger at each reflection. 
Then the figure shows the extra efficiency of a cavity radiator. Here is the conclusion of 
Kirchhoff's thermodynamic argument: ... energy radiated. A poor reflector—a good 
absorber—avoids rising in temperature by being an efficient emitter. Its emissivity is equal 
to its absorptivity: e=a . The slot in the box in part (a) of the question is a black body with 
reflectivity zero and absorptivity 1, so it must also be the most efficient possible radiator, to 
avoid rising in temperature above its surroundings in thermal equilibrium. Its emissivity in 
Stefan's law is 100% 21, higher than perhaps 0.9 for black paper, 0.1 for light-colored paint, 
or 0.04 for shiny metal. Only in this way can the material objects underneath these different 
surfaces maintain equal temperatures after they come to thermal equilibrium and continue 
to exchange energy by electromagnetic radiation. By considering one blackbody facing 
another, Kirchhoff proved logically that the material forming the walls of the cavity made 
no difference to the radiation. By thinking about inserting color filters between two cavity 
radiators, he proved that the spectral distribution of blackbody radiation must be a universal 
function of wavelength, the same for all materials and depending only on the temperature. 
Blackbody radiation is a fundamental connection between the matter and the energy that 
physicists had previously studied separately. 


SOLUTIONS TO PROBLEMS 


Section 40.1 Blackbody Radiation and Planck's Hypothesis 


5 2.898x10? m. K 


= 5.18 x 10° K 
560 x 10°? m 


P40.1 


 2898x10? m-K  2898x10? m-K 


P40.2 (a) Res s T 


—107 m ultraviolet 


.2898x10? m-K 
10’ K 


(b) A 


—10? m| | y-ray 


P40.3 Planck's radiation law gives intensity-per-wavelength. Taking E to be the photon energy and n to be 
the number of photons emitted each second, we multiply by area and wavelength range to have 
energy-per-time leaving the hole: 


2a hc? (4, —- A,)e(d/2) 
mls Aa ARUM) = En =nhf where E-hf- zu: 
[4 «a yap (mene zi Ait 


P 8z?cd? (4, - 44) 
ec 


E (Ay Ag) (eme ml zi 


£ P = 


8^ (3.005 10° m/s)(5.00 105 mJ (10010? m) 
( 00110? m) (Pen s (3.00105 mjs)]/[(1 001x10? m)(1.38x10 J/K)(7.50%10° kJ zi 


590x10% /s - 


ERE 1.30 x 10 /s 
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P404 (a) P=eAoT* = 1(20.0x10~* m?)(5.67x10® W/m? -K*\(5000 K)' =| 7.09 x10* W 


(b — AmaxT = A max (5.000 K) = 2.898 x 103 m-K => å max =| 580 nm 


he — (6626x107 J-s}(3.00 x 10° m/s) 
keT — (138x107 J/K)(5.000 K) 


(c) We compute: —-2.88x10 m 


2x hc^A 
- ,and 
A [exp(hc/AkgT) - 1] 


The power per wavelength interval is (2) = AI(A) 


27 hc^ A = 22(6.626 x 10 ?* (3.00 x 10°) (20.0 x10*)-7.50x10 7 J-m*/s 


7.50x10 P? J.m*/s 115x10” J/m-s 


(580 nm) = "EC Um 
(580 x10? m) [exp(2.88 m/0.580 um) - 1] oat 


=|7.99x10!" W/m 
| /m | 


(d)-(i) The other values are computed similarly: 


zi i: Qr | Dre A P(A), W/m 
(d) a 1251 à 26 —1226 
1.00 nm | 2882.6 7.96 x 10 750x107 |942x10 
h 5.00 nm | 576.5 240x107? |240x10? |100x10?7 
400nm |721 1347 732x10" |5.44x10" 
(©) 580nm | 4.97 143.5 115x10P | 7.99 x10" 
a 700nm | 4.12 60.4 4.46 x10 | 7.38 x10" 
(i 1.00 mm | 0.00288 | 0.00289 750x10 ^ | 0.260 
10.0cm | 2.88x10~ | 2.88x10~° | 7.50x10~* | 2.60x 10? 
() We approximate the area under the #(A) versus 4 curve, between 400 nm and 700 nm, as 
two trapezoids: 
, [(5.44+7.99) x 10” W/m[(580 - 400) «10^ m] 
Bv 2 
[(7.99 +7.38)x 10 W/m]](700 - 580) x 10° m] 
E 2 
P =2.13x10* W so the power radiated as visible light is | approximately 20 kW |. 
P405 (a) $9 =eAoT*, so 
1/4 
r-[ s ji F N =| 5.75 x10? K 
gio: 1|4n(6.96 x 108 m) [ser x10* W/m?.K*) 
(b) "e 2.88x10? m-K _ 2.898 SIUE snm SERIE 
T 5.75 x 10° K 
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6.626 x 107^ J.s(3.00 x108 m/s 
P4)6 p-p- | I ba fs) _ 3.37 x10? J/photon 
A 589.3 x10 m 


m. 10.0 J/s 
E 337x10"? J/photon 


2.96 x10” photons/s 


P40.7 (a  E=hf =(6.626x10™ J-s\(620 x10” s~) =A = | eo s7ev 
1.60x 107? J 
1.00 eV = 
b E=hf 2(6.626 x107* J-s)(3.10 x 10? s 1| —————___| =] 1.28 x10? eV 
®) z Isl Tren 
1.00 eV = 
E=hf 2(6.626 x107* J-s)(46.0 x 10° s 1] ——— ——— |=| 1.91 x 10°” eV 
s MEI T - 


c 3.00x10* m/s 
f 620x10? Hz 
c 3.00x10* m/s 
Í 310x10? Hz 
c 3.00x10* m/s 
Í 460x106Hz 


(d) A= -484x10 7 m=] 484 nm, visible light (blue) 


-9.68 x10? m=] 9.68 cm, radio wave 


6.52 m, radio wave 


P40.8 Energy of a single 500-nm photon: 


-34 T. 8 
E, =hf = - = Ga à T 5 — n x e) —3.98 x10? J. 


The energy entering the eye each second 


E = Mt = IANE- (400x107 W/m? IE x10? m)? (Loo s) = 227 x 107! J. 


The number of photons required to yield this energy 


E 2.27 x10 J 
E, 3.98x10™ J/photon 


5.71 x 10? photons J. 


P40.9 Each photon has an energy | E- hf = (6.626 x10 \(99.7 x 10°) =6.61x10 J. 


150x10° J/s 
6.61x 1075 J/photon 


This implies that there are - | 2.27 x10? photons/s f; 


P40.10 


P40.11 


P40.12 


Chapter 40 467 
We take 0 = 0.030 0 radians. Then the pendulum’s total energy is 
E = mgh = mg(L — Lcos 0) 


E = (1.00 kg)(9.80 m/s?J(1.00—0.999 5) = 44110 J ^ 
ptg. e 1 jg s WE Pats 
The frequency of oscillation is f=—=—,J2=0498Hz. LL. ---$ 
2x 2r\L "EL | 
The energy is quantized, E-nhf. "g 
E 4.41x10° J FIG. P40.10 


Therefore, im hf á (6.626 x10 4 E sJ(0.498 s) 


=| 134x10?! 


The radiation wavelength of 4' = 500 nm that is observed by observers on Earth is not the true 
wavelength, 4, emitted by the star because of the Doppler effect. The true wavelength is related to 
the observed wavelength using: 


E _ 4, [120o _ 1— (0.280) _ 
À' AY1+(v/c) ` ETE 1510289) 7 9 UI 


The temperature of the star is given by — A,,,T = 2.898 x 10° m-K: 


“3 3 
pq 2898 x10 m-K, p 2898 x10 Em K_ 773x10 K |. 
A max 375 x 10 

2 

Planck’s radiation law is (4, Ts cl MM. n 
AB (ent i 1) 
x? x? 

Using the series expansion = e* =1+x+ zT * ar + 

2ahc* 2; hc? 2z ckgT 
Planck's law reduces to I(A, T) is iiic IUS 


~ B[(l+he/AkgT +...)-1] A (wjakeT) A 


which is the Rayleigh-Jeans law, for very long wavelengths. 


Section 40.2 The Photoelectric Effect 


P40.13 


3 (6.626 x 10 J-s}(3.00 x 10° m/s) GE 
ó (4.20 eV)(1.60x10-” J/eV) 


00 x 108 
ae C 3.00 x us ooe 
A. 296 x10 ^ m 
6.626 x 107 3.00 x 10 
P i INR US | 180 x 5 z (420 eV)(160x107? J/eV)+ (1.60 x10” )AVs 


Therefore, AV; = 2.71 V 
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P4014  K,,- DN - Zon x 10?! )(4.60 x 10°)’ = 9.64 x 107" J =0.602 eV 
1240 eV- 
Gh. E E TAE e 90b no nc eee 
625 nm 
-19 
w f-$- 15 eV LOR Va EEE 
h 6.26x107 J.s( — 1leV 
he (6.626 x10™ J-s}(3.00 x10" m/s) 
P4015 (a) A,=— Li: A, = 3 - 540 nm 
ó (2.30 eV)(1.60x10-" J/eV) 


(6.626 x10-™ J-s}(3.00 x 10° m/s) 
Be: LR -318 nm 
(3.90 eV)(1.60x10™ J/eV) 


(6.626 x10-™ J.s (3.00 10° m/s) 
Hg: Ac = 276 nm 
(4.50 eV)(1.60x10™ J/eV) 


A< å, for photo current. | Thus, only lithium will exhibit the photoelectric effect. 


(b) For lithium, “ = 6+ K max 


(6.626 x 10 J-s}(3.00 x 10° m/s) 


400 x10? m 
K max = 1.29 x 107"? J = 0.808 eV 


= (230 eV)(1.60 x10) + K max 


P40.16 From condition (i) hf =e(AVs;)+¢, and = hf =eAV5,)+¢, 
(AVs1)=(AVs2)+1.48 V. 
Then $5 -1 =1.48 eV. 
From condition (ii), hf. = ¢, =0.600hf,. = 0.6009, 


$5 - 0.600%, = 1.48 eV 
$2 =3.70eV | | 1 =2.22 eV |. 


7 1240 nm. eV 
546.1 nm 


0.376 eV =| 1.90 eV 


P40.17 (a) eAV; H $6 


124 -eV 
(b) E - 0 nm-e 
A 587.5 nm 


1.90 eV >] AV; =0.216 V 


P40.18 


P40.19 


P40.20 


P40.21 
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The energy needed is E -1.00 eV 21.60 x10 ? J. 
The energy absorbed in time interval At is E = Mt = IAAt 
E 1.60 x10” J 
I^ (500 J/s-m?) (2.82 x105 m) | 


so At= =1.28 x10” s =| 148 days |. 


The gross failure of the classical theory of the photoelectric effect contrasts with the success of 
quantum mechanics. 


Ultraviolet photons will be absorbed to knock electrons out of the sphere with maximum kinetic 
energy K max = hf -¢, 


(6.626 x 10 J-s)(3.00x10° m/s) / 100ev 
or K max m -9 -19 
200x10? m 1.60 x10” J 


| 4.70 eV 2 1.51 eV. 


The sphere is left with positive charge and so with positive potential relative to V =0 at r =œ. As its 
potential approaches 1.51 V, no further electrons will be able to escape, but will fall back onto the 
sphere. Its charge is then given by 


5.00 x 107 m)(1.51 N-m/C 
y-RR ot vd ii ; i ) saxo], 
r k, 8.99 x 10° N-m?/C 
(a) By having the photon source move toward the metal, the incident photons are Doppler 


shifted to higher frequencies, and hence, higher energy. 


1 ; 
B JressDHEL. ese SEM - (700104) | 128. — 9.33 x 19 Hz. 
1-ojc 0.720 


Therefore, $= (6.626 x10™ J-s)(9.33 x10 Hz) 261810? J - | 3.87 eV J. 


(c) At v=0.900c, f =3.05 x10" Hz 


and K ax = hf - ø = (6.626 x 10 J-s)(3.05 x 10° Hz) aa -3.87 eV -| 8.78 eV |. 
1.60x10-? J 
Section 40.3 The Compton Effect 
6.626 x 10™™ J-s}(3.00x 10° m/s 
pele l Ne B 284x107? J- [178 eV 
A 700 x10? m 


h 6626x107? ]ps 
A — 700x107 m 


947x107 kg-m/s | 
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P40.22 


P40.23 


P40.24 
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-34 
(a) AA= H —cos0): AA= a =x (1-cos37.0°) =| 488x107 m 
m,c (9.11 x107% (3.00 x 10*) 
6.626 x 10.?* (3.00 x 10° m/s 
(b) E, = Be. (300 x10? ev (160107? J/ev)= I hs 
Ao Ao 
Ay = 414x107? m 
and À' =A) +44 =4.63 x10" m 


6.626 x 10 ?* J-s)(3.00x 10° m/s 
xr ls iR 4.30 x10! J - [ 268 keV 
A 463x107 m 


(c) K, = Ey — E' 2300 keV — 268.5 keV =| 31.5 keV 


With K, =E', K,=Eọ-E' gives E'-Ej-E' 


prz Po and r2 dcs ls og, 
2 E! Eo/2 B 
À' = Ag * Ac(1— cos) 24, = Ag * Ac (1— cos 6) 
Ag 0.00160 
1-cosQ- —9-- 8 - | 70.0? 
Ac 0.00243 
This is Compton scattering through 180*: Incident 
Photon 
6.626 x 10™ J.s (3.00 105. m/s [MA 
paal I B) iss MNA O— 
Ao (0.110 x10? m)(1.60 x10 7? J/eV) Scattered Recoiling 


Photon Electron 


Apoc cos6) = (2.43 x10 m\(1 - cos180°) = 4.86 x 107 m 
™ ,C 


e 


FIG. P40.24 


A' = Àg +AA=0.115 nm so E’ = ŽE =108 kev. 


[ 


; hen haps f 
By conservation of momentum for the photon-electron system, 2m ma. + pol 
0 


and Pe= h P 1 
Ay A 

3.00 x108 m/s) /c 
Pe = (6.626 x 107-4 J-s} ( = / )/ | 1 3 ie 1 - E 22.1 keV 

160x10 " J/eV MO.10x10" m 0.115x10 m C 
By conservation of system energy, 11.3 keV 210.8 keV +K, 
so that K, =478 eV |. 

2 2 

Check E? - p?c? « m?c* or (mc? +K,) = (pc) +(m,c") 


(511 keV + 0.478 keV)? = (22.1 keV)? +(511 keV)? 
2.62 x10" = 2.62 x 10! 


P40.25 


(a) 


(b) 


(c) 


Conservation of momentum in the x direction gives: 


or since 0=¢, 


Conservation of momentum in the y direction gives: 


which (neglecting the trivial solution 0 = 0) gives: 
Ph ; ; h 2h 
Substituting [2] into [1] gives: Ws are 0, or 
0 


Then the Compton equation is 
giving 
or 


5 he : ; 
Since E,=—, this may be written as: 
Ao 


which reduces to: 


mc’ +E, 0511 MeV +0.880 MeV 
2m,c)-E, 1.02 MeV «0.880 MeV 


or cosĝ = 


=0.732 so that | 0 = $ = 43.0° |. 
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Py =p, cos +p, coso 


vez) 
— =| pe +— |cosé@. 
Ao A' 


0 — p; sinf- p, sind, 


Q h 
Pe=Py =r 
À' 2 249 cosQ. 


À' - Àg Bes eodd) 


e 


[1] 


[2] 


[3] 


249 cos0 - Ag notio 
m,c 


e 


sped ci. zn 
Ao M,C 


e 


2 


(1- cos). 


È 
2cos0-1-Í 4 Jc 
m,c 


e 


E E 
Z s Jos 4 
m,c m,c 


E 
Using Equation (3): E; = C EL ERR CAE Mey 
À' Ag(2cos0) 2cos0 2cos43.0° 
E' 
Then, p, =— SIE MEN =| 3.21x10 7 kg-m/s l. 
c c 


[ 


K 


0.602 MeV 


From Equation (2), p, =p 


3.21x10 7? kg-m/s |. 


C 


From energy conservation: K, = E, — E; = 0.880 MeV -0.602 MeV - 0.278 MeV =| 278 keV |. 


e 


2 


602 keV |. 
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h 
The energy of the incident photon is E; = p,c= > 
0 
(a) Conserving momentum in the x direction gives 
E 
Pa =Pe coso +p, cos@, or since 6-0, —0 (pe + p; )cos. [1] 
C 
Conserving momentum in the y direction (with = 0) yields 
a f h 
0=p, sin0 — p, sinO, or Mops [2] 
Substituting Equation [2] into Equation [1] gives 
E h h 2h 
P (Re eese or qi oos B. [3] 
C À' A Ey 
h 2h 2h h 
By the Compton equation, 2’ - 2, =— (1 -cos 6), cos zm (1- cos 0) 
MC Eg o mC 
which reduces to (2m,c? +Ey)cos0=m,c7 Eg. 
i{ m,c’ + Eo 
Thus, ġ=0= cos" =< ; 
2m,c^ + Eo 
2h 2h 24E 
(b) From Equation [3], | 4'- E cosg- | ef = Sek 
Eg Eg 2m,c + Eg 
h h E, ( 2m,c? +E 
Therefore, E, = : - 2 s ; 2|-9 — e |, 
A (2hc/Ey (m,c +E) /(2m,c * Ej) 2 | m,c^ * Eg 
V pee _| Eo LN ati 
C 2c | m,c^ +E, 
E, ( 2m,c? +E 
(c) From conservation of energy, K, = Ey - E; = Ey - 2 rud ii 
2 | m,c^ +E 
m K,- Eo pese 2m, c? 5). E | 
2 m,c^ + Eg 2(m,c * Ej) 


Finally, from Equation (2), p, = p; = 5 ie 
c| m,c^ +E, 


E, [mc E) 


*P40.27 
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The electron’s kinetic energy is 


K= Smo? - jou x10 ?' kg(2.18 x 10° m/s) = 2.16 x10 J. 


This is the energy lost by the photon, hf, — hf’ 


Tx -246x10 5 J. We also have 


(1— cos 17.4?) 


-34 
Al-Ay= h üsd 6.63 x10" Js s 
mec 9.11x 10? kg(3x10° m) 


At =A, 4111x107 P m 
(a) Combining the equations by substitution, 
1 1 2.16x10 J s 
Žo Ao*0lllpm 6.63x10™ Js(3x 10° m) 


Ao +0.111 pm- 4, 
Aj + åo(0.111 pm) 


=1.09 x 107 /m 


-1.09 x 107 /m 


0.111 pm = (1.09 x 10" /m)4 +1.21 x 10 A, 
1.09 x 107 42, -1.21x 10 mA, -111x10 m? =0 


-1.21x10% m+ (1.21 x10% mJ - (109 x10" (-111 x 10-2 m?) 


dus 2{1.09 x 10”) 


only the positive answer is physical: 4) =| 1.01 x10™ m |. 


(b) Then 4' 2101x107? m+1.11x 1078 m -1.01 x 10? m. 
Conservation of momentum in the transverse direction: 


0 Z E sing 


9.11x10-! kg(2.18x10* m/s)sing 


-34 
SOS IU T andre 
101x107 m J1-228105/5 x10?) 


196x107 =1.99x10 sing — $-|811? 
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P40.28 (a) Thanks to Compton we have four equations in the unknowns ¢, v, and 1’: 

hc h 
E iymc-mc (energy conservation) [1] 
DET 

h h eee 
Pm - y 2ó +y m,ocos ó (momentum in X direction) [2] 

0 
fios . ; ERE 
0= Vom 26 - y m ,vsin ó (momentum in y direction) [3] 
h ; 
A -Àg =— (1 -cos 2¢) (Compton equation). [4] 
mc 


Using sin 2¢ = 2sin ø cos in Equation [3] gives y m,v = Arcos $. 


Substituting this into Equation [2] and using cos 2¢ = 2cos? ġ—1 yields 


h h 2h h 
— =—(2cos” 1)+—= cos? ġ = 4cos* à - 1], 
zog pep Per ete pcd 
or  4'-4Agcos? ó- Ap. [5] 


Substituting the last result into the Compton equation gives 


h hc 
4À cos $- 24s 2 — [1 - (2cos? 9 js (1 cos” 9). 


m, 
: "zd h : 
With the substitution 2) = AC this reduces to Scattered 
Eo Photon 
245 1 E Incident P E- 
cos? j= M,C E: o _itx where rz - Photon 70 E 26 
2m,co+E, 2+x m,C I\f-O 
0.700 MeV fi Ep ~e © 
: x is OF =I +x Recoilin 
For x = ————— — = 1.37, this gives ¢=cos =| 33.0° |. $ 
0.511 MeV 8 ? 24x [3507 | Electron ~~ œa 


FIG. P40.28(a) 


(b ^ From Equation [5], 4' = 29(4cos” $-1)- ZEE 2) i = (2:25). 
24x 2+x 


Then, Equation [1] becomes 


hc hc( 2+x 2 2 Eo Ey ( 2+x 
——— tyme" me or 5 5 +1=y. 
Ag Ag \24+3x Wie “ihe 24 3x 


Thus, y=1+x ( ARI Jana with x 21.37 we get y = 1.614. 
2+3x 


Therefore, = J1—- y ? = /1—0.384 = 0.785 or v =| 0.785c |. 
C 
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P40.29  4'-À L (1—- cos 8) @ Tectron 1 


M,C Incident y 
Photon "n A Ww 


A" —A' mal cos(z 0)] NS- OS 
e 


” ^AL B 
"m h h eost ay h h ee A oo 
m,c m,C m,c m,c Reflected JEU 
Photon 
h 
Now cos(z — 0) 2 —cos0,so A" —42 2—— =| 0.004 86 nm |. 
( ) mC FIG. P40.29 


P40.30 Maximum energy loss appears as maximum increase in wavelength, which occurs for scattering 


angle 180°. Then A4 - (1— cos 18) Lom where m is the mass of the target particle. The 
mc) mc 


fractional energy loss is 


EQ-E' hc/lAg-hc/A' A'-ÀAg | AA hme 
E; hc/ Ao A! | Ag*AÀ Ag-*2h/mc 
SẸ! 2h 
Further, A, = m , SO mag = fae = A : 
Eg Eg hc/Eg * 2h/mc | mc^ +2E, 

(a) For scattering from a free electron, mc? - 0.511 MeV, so 

—E' 2(0.511 MeV 

Exin ( ev) - [0.667 |. 
Eg 0.511 MeV + 2(0.511 MeV) 


(b) For scattering from a free proton, mc? = 938 MeV, and 


Ejeet 2(0.511 MeV) 
E, 938 MeV + 2(0.511 MeV) 


0.001 09 |. 


Section 40.4 Photons and Electromagnetic Waves 
*P40.31 With photon energy 10.0 eV =hf 


10.0(1.6 x10" J) 
= = =2.41x10" Hz. 
6.63 x 10 ?* J-s 


Any electromagnetic wave with frequency higher than 2.41 x 10? Hz counts as ionizing radiation. 
This includes far ultraviolet light, x-rays, and gamma rays. 
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he 6.63 x10 J-s(3 x10° m/s) 


*P40.32 The photon energy is E = -3.14 x 10? J. The power carried by the 


A 633 x10? m 
beam is (2 x10? photons/ s)(3.14 x10 7 J/photon) = 0.628 W. Its intensity is the average Poynting 
9 0.628 W(4) 


vector I =S, = = = 2.61x 10° W/m?. 


nr x(1.75 x10? m) 


(a) $ EU B sin90°= Emax Bmax. Also E = Braxc. SO S — Emax, 
av Mo rms ~ rms Mo V2 42. max max av 2ugc 


E nax = (24t969,,) ^ =(2(42 x107 Tm/AJ(3x10* m/s)(2.61 x 10° W/m?))" : 


-|140x10* N/C 
_ 140x104 N/C _ 


4.68 x10 T 
m 3x 108 m/s 
P 
(b) Each photon carries momentum = The beam transports momentum at the rate —. It 
C C 
imparts momentum to a perfectly reflecting surface at the rate 
P 2(0.628 W 
oF ies 08 W) o N. 
c 3x10° m/s 


(c) The block of ice absorbs energy mL = Mt melting 
ght _ 0.628 W(1.5x3600s) _ 


z 1.02 x 10 kg |. 
L 3.33 x10% J/kg 
Section 40.5 The Wave Properties of Particles 
-34 
P4033. 2-4-7- opao es E =[3.97 x102 m 


p mo (167x107 kg)(1.00x 10° m/s) 


2 
P40.34 (a) T = (50.0) (1.60 x10 J) 
m 


p=381x10™ kg-m/s 


fete 0.174 nm 


p 


2 
Bees 3 -19 
b) L- (50.0 x 10? (1.60 x 1077? J} 
p-120x10 7? kg-m/s 
aa P 2549x107 m 
P 
The relativistic answer is slightly more precise: 


jals he 5.37x10- m |. 


P (mc? «KJ 228 : 


P40.35 (a) 
(b) 
P40.36 (a) 
(b) 
P40.37 (a) 
(b) 
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1 A Wi? p? 
Electron: A=— d K= =——— = =,/2m,K 
ectron 5 an 3 "mo dus ds so p 7 
-34 
ET h 6.626 x10 ^ J-s 
J2m,K [ou x10! kg)(3.00)(1.60 x107 J) 
427.09x10 ? m=] 0.709 nm |. 
C E 
Photon: A= y and E-hf so f= A 
hc (6.626 x10™ J.s(3.00x10* m/s) ; 
and 2 = =414x107% m=| 414 nm 
E 3(1.60 x10 J) 
The wavelength of a non-relativistic particle of mass m is given by å = h = Ln where the 
f ae JamK 


kinetic energy K is in joules. If the neutron kinetic energy K,, is given in electron volts, its 


kinetic energy in joules is K = (1.60 x10 7 J/eV)K, and the equation for the wavelength 


becomes 


h 


6.626 x 10-4 J.s 2.87 x10! 
j= " z m 
V2mK  [a(167x107 kg)(1.60x10-? J/eV)K, VK, 


where K,, is expressed in electron volts. 


If K,, =1.00 keV 21000 eV, then A 


À —10^ m or less. 


2.87 x10! —13 
= m-9.07x10 " m=} 907 fm |. 
T [90/8] 
h 66x10? Fs 149 
"Re be -10 7 kg-m/s or more. 


The energy of the electron is E- Jp?c? « m2c* ~ Joey x 10°) +(9 x 10?!)'(s x 10°)’ 


or 


so that 


E~10" J~10° eV or more, 


K =E-m,c* ~10° eV -(0.5x10° eV)| ~ 10° eV 


or more. 


The electric potential energy of the electron-nucleus system would be 


With its K+U, >>0, 


efile (9x10° N-m?/c? (107? C)(-e) 
= B 


— -10? eV. 
r 107^ m 


the electron would immediately escape the nucleus |. 
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P40.38 


P40.39 


*P40.40 
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From the condition for Bragg reflection, 


mA = 2dsin@ = 2d cof $) : 


But d-a sinf £) 
2 


where a is the lattice spacing. 


Scattered 


electrons 
E 


© 
x60 
© 


Thus, with m=1, à= asin £o 5) - sing 
2 2 FIG. P40.38 
-34 
C h 1- 6.626 x10 ^ J-s -167 x10 m. 


h 
gee 
p  f2m,K /2(9.11 x10?! kg)(54.0 x 1.60 x10"? J) 


A 167x107? m 
sing sin50.0° 


Therefore, the lattice spacing is a = = 2.18 x 10™ =| 0.218 nm |. 


(a) E? =p*c* +m*c* 
with E=hf, pee d moz 
Ac 
hc? he? B 1 1 
so h?f? = and £) =—+—— Eq. 1 
f [ONE c ARA Pan 
f 1 
b F hot —-—, 
(b) or a photon UT 


1 ; ; 
The third term o in Equation 1 for electrons and other massive particles shows that 
C 


they will always have a different frequency from photons of the same wavelength |. 


For the massive particle, K = (y — 1)mc? and 4,, - — EN For the photon (which we represent as 7), 
P m P P 


p ymo 
A h 
es ae Wy ene cal ii z- Then the ratio is i= ee ERAR 
f E K (y-1)mc Am (y-l)mce*h y-1c 
A 1(0.9 
(a) ie we) - [1.60 
Am Vi-es? (1/,f1-09" )-1] 
A 1(0.001 
qr x oe =| 2.00 x 10? 
m J1- (0.001)? | 41 - (0.001? ) E 1 
v A, y 
(c) As ——]1, y — and y -1 becomes nearly equal to y. Then aeu is 1 |. 
C m Y 
zy? 2 2 A 
(d | Ast20,|1-5 141 aK ed equo e ss m 
C C 2jc 2c As (1/2) (v? /c?) v 


P40.41 


P40.42 
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-34 
ded IECUR 2 Js 663x102 kg-m/s 
p A  100x10^ m 
-23 \2 
p? (663x107) 
(a) electrons: K,- = J=15.1 keV 


: 2(9.11 x 103!) 


The relativistic answer is more precisely correct: 
K, 2 J p?c? +m2c* —m,c? =| 149 keV |. 


(b ^ photons  E,-pc-(6.63x10 7 (3.00 x 10°) =| 124 keV 


Y 


(a) The wavelength of the student is A = n - UE If wis the width of the diffracting aperture, 
p mo 
h 
then we need w < 10.04 = 10.0| — 
mo 
-34 
so that 62190 409 ee | 110x107 m/s 
mw (80.0 kg)(0.750 m) 
(b ^ UsingAt-2 we get: At > E =] 1.36 x10? s 
v 1.10x10 ^" m/s 

(c) No |. The minimum time to pass through the door is over 10’ times the age of the 

Universe. 


Section 40.6 The Quantum Particle 


*P40.43 


*P40.44 


Üphase = fA = 2h mi z “phase i 


This is different from the speed u at which the particle transports mass, energy, and momentum. 
As a bonus, we begin by proving that the phase speed v, = — is not the speed of the particle. 


oO Jic? +mc*n Vy2m20?c? eme C c? c? 
v, =—= = =e j 33 7€ 1+ )- s 
PSU hy mo |y?m?v? y^v? 


In fact, the phase speed is larger than the speed of light. A point of constant phase in the wave 
function carries no mass, no energy, and no information. 


Now for the group speed: 


continued on next page 
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do dho dE d 2.4 22 


ak dk dp aN (Pf 
E 2.4 
Us -z(n?c* e p?c?) "(0 +2pc?) = E RETE 
gue y?mto? v? /(1- v*/c?) E v/(1-0?/c?) i 


E V7 mv em) 3 v*/(1-0?/c?) +c? : (0? +c? -v y - vc 


Itis this speed at which mass, energy, and momentum are transported. 


Section 40.7 The Double-Slit Experiment Revisited 


h 6.626 x 10-4 J.s 


P40.45 (a) A=—= -|992x107 m 
mv (167x107 kg)(0.400 m/s) 
(b) For destructive interference in a multiple-slit experiment, d sin 0 = [n * ae , With m =0 for 
the first minimum. 
Then, 0- (4) = 0.028 4° 
2d 
so T =tand y = Ltan 8 = (10.0 m)(tan0.028 4°) =| 496 mm |. 


(c) We cannot say the neutron passed through one slit. We can only say it passed through the slits. 


P40.46 Consider the first bright band away from the center: 


dsind=mA (6.00 «105 m) sin tan] 220) - (14 2120x107 m 
A= ue SO m,o — JE 
m,o A 
2,2 2 
and K= m,v? = De? 255 ; = eAV 
2m, | 2m,A 
-34 2 
p2 (6.626 x10™ J-s) 
AV =—— AV = ==] 105 V]. 
2em A 2(1.60 x10? C)(9.11x 10! kg (1.20x 107" m) 


*P40.47 — We find the speed of each electron from energy conservation in the firing process: 


1 
0=K; +U; - mv? -eV 


2x16x10 P? C(45V 
pee [EEO EY) d 98 10° quls 
m 9.11x10™ kg 


The time of flight is At = EE e Nen m =7.04x 10° s. The current when electrons are 28 cm 
v  398x10? m/s 
-19 
apart is 12 12. 16x10 C. [7 107 A] 
t At 704x10 ^5 
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Section 40.8 The Uncertainty Principle 


P40.48 


P40.49 


P40.50 


P40.51 


*P40.52 


h Axj:s 
Ave = = 
4z mAx Az (2.00 kg)(1.00 m) 


h 
(a) ApAx = mAvAx = 2 so 


0.250 m/s |. 


(b) The duck might move by (0.25 m/s)(5 s) 2 1.25 m. With original position uncertainty of 


1.00 m, we can think of Ax growing to 1.00 m +1.25 m =| 2.25 m |. 


For the electron, Ap=m,Av - (91110 7* kgJ(500 m/s)(1.00 10) = 456x107?" kg-m/s 


-34 
h __ 662%6x10™]s gga 
Amp 4a(4.56x10™ kg-m/s) 
For the bullet, Ap = mAv = (0.020 0 kg)(500 m/s)(1.00 x 10:*) -100x10? kg-m/s 
-— [528x107 m | 
4z Ap 
NI Ud h 


and dAp, 2—. 
Ww. P Py ag 
Eliminate Ap, and solve for x. 


(2.00 x10? m) 
(6.626 x 109 J. s) 


x=4n p. Ay): x =47(1.00x 10? kg (100 m/s)(1.00 x 10 m) 


The answer, x =| 3.79 x 10? m |, is 190 times greater than the diameter of the Universe! 


f x : TE : h E 
With Ax 22x10 P? m m, the uncertainty principle requires Ap, > DART 2.66x10 7 kg-m/s. 
The average momentum of the particle bound in a stationary nucleus is zero. The uncertainty in 
momentum measures the root-mean-square momentum, so we take p,,, «3x10 ? kg. m/s . Foran 


electron, the non-relativistic approximation p = m,» would predict v «3 x10? m/s, while v cannot 
be greater than c. 


2 1/2 
Thus, a better solution would be E= (me?) + (pe | ~56 MeV - y m,c? 
ee us so v = 0.999 96c. 
1-0? 
For a proton, v = P gives v=1.8 x 107 m/s, less than one-tenth the speed of light. 
m 


2 2 
(a) K : mo? Ke P 
2 2m 2m 


(b) To find the minimum kinetic energy, think of the minimum momentum uncertainty, and 
maximum position uncertainty of 10 ^ m= Ax. We model the proton as moving along a 


straight line with ApAx = A Ap = I The average momentum is zero. The average squared 
momentum is equal to the squared uncertainty: 

2 
2 (Ap) x h? (6.63 x10% J-s) 


p 
K = = = = 
2m 2m (Ax) 2m 32m (Ax) m Saa? (1075 mJ 167x107 kg 


=8.33 x10" J 


=| 5.21 MeV 
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P40.53 (a) At the top of the ladder, the woman holds a pellet inside a small region Ax;. Thus, the 
uncertainty principle requires her to release it with typical horizontal momentum 


i 


Ap, = MAV, = el It falls to the floor in a travel time given by H =0+ lg ast- en , SO 
sae. 2 g 


the total width of the impact points is 


Ax p = Ax; t (Av,)E = Ax; + A 2 M 
2mAx; g i 
where A= elt mm 
2m\ g 
TE d(Ax;) A 
To minimize Ax ;, we require = or 1-—720 
d(Ax;) AX; 
SO Ax; = VA. 
The minimum width of the impact points is 
A on 2H)" 
(Ax ;) : [s -24A- | . 
min AX; oca mig 
E 1/2 1/4 
2(1.0546 x 10 J-s 22.00 m) T” 
9  (Ax;) = | = (2. m) =[ 519x10 m 
min 5.00 x 10 * kg 9.80 m/s 


Additional Problems 
P40.54 | AV;- (5) f= y 
e e 
F ; (A M qu Ê 
rom two points on the graph 0=|— (41 x10 Hz) = 
e e 


and 3.3 V= pE x10" Hz) $. 
e e 


Combining these two expressions we find: 


FIG. P40.54 


(a) $-[17 eV 


(b) =| 42x10” V.s 


a |> 


(c) At the cutoff wavelength = == Gra 
C 

3x108 m/s 

A. 7 (&2x107 V-s}(16 x10 C) | i =| 730 nm 

(1.7 eV)(1.6 x10" J/eV) 


P40.55 


P40.56 


P40.57 


We want an Einstein plot of K max versus f 2 
Kmax 
A,nm f,10" Hz Kma, eV (eV) 
588 5.10 0.67 
505 5.94 0.98 l 
445 6.74 1.35 
399 7.52 1.63 
0.402 eV 
a slope = ———— +8% 
e) PET dU HS ^ 
(b — eAVs -hf-ó "t 
-19 
h= nao 1® i - J J =| 64x10 * J-s +8% 
10 


(c) K max =0 
at f «344x10? Hz 


ó-hf -232x10 ?J-| 14 eV 
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200 400 600 800 
f (THz) 


From the path the electrons follow in the magnetic field, the maximum kinetic energy is seen to be: 


o2B2R2 
max zx 2m, 5 
he 
From the photoelectric equation, Ku 7hf-ó-7 EU 
h hc e BR 
Thus, the work function is p= TUR Wax dac 
A A 2m, 


n (6.626 x10 J.s) 
A2 = (1-cos 6) = 
m yC (1.67 1077 kg)(3.00 x 10° m/s) 


6.626 x 10 J-s}(3.00 x108 m/s 
DCUM. I ee 
Eo (200 MeV)(1.60 x10" J/MeV) 


A' =A +44 =6.51x10 7" m 


hc 
P. 


(a) E 191 MeV 


(D | K,-|9.20MeV 


(0.234) = 3.09 x 1076 m 
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P40.58 Isolate the terms involving ¢in Equations 40.13 and 40.14. Square and add to eliminate 4. 


» i " E 2cos0 -y^miy? 
A A! ÀgA' 


v? b h?^|1 1 2cosÓ 
Solve for — = : b=— | + zs 
c (bec?) m| a, A? Ay 
h 1 1 -1/2 2 
Substitute into Eq. 40.12: 1+ =r-(1 z] =e ud 
mC Ag A’ b+c c 
2 
1| |1 1 R1 1 2 
Square each side: pue : Pr =¢°+ ze coso | 
m, Ao ÀA'| melo A m2 || A a? AoA 


From this we get Eq. 4011: | A'- A9 = Ep - cos 6]. 
mC 


P40.59 Show that if all of the energy of a photon is transmitted to an electron, momentum will not be 


conserved. 
hc he 2 ,, AC 
Energy: —=—+K,=m,c*(y-1) if —=0 1 
gy E A! € e (y ) A' ( ) 
h h ; 
Momentum: —-——-tym,)-ym,v if À' =% (2) 
Ag A 
h 
From (1), y- +1 (3) 
Aom,C 
2 
stel Agm,c (4) 
h+Agm,c 


Substitute (3) and (4) into (2) and show the inconsistency: 


zi: h Z i | Agm,c | imet Mhe2Aym) h [ees 


This is impossible, so all of the energy of a photon cannot be transmitted to an electron. 


h 
P40.60 Begin with momentum expressions: p= 1 and p=y mv=y nd £ J 
C 


C mcjA à 
or TG 
v (Ac/Ay x 1 
c de(c/AY (Ac) +1 


Equating these expressions, (2) -( Å ) ce : 
( 


Thus, 


C 


giving v=- 
1+(A/Ac) 
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2; hc? 
P40.61 Starti ith Planck's law, A, T) * ——— ——À 
(a) arting with Planck's law (4, T) gp ET 
œ oo 2mh 2 
the total power radiated per unit area fi, T)da = f z a dA. 
0 0 A le c/4ks -1] 
Change variables by letting x= i 
and dx=- ae : 
ksTA 


Note that as A varies from 0 — œ, x varies from o» — 0. 


S 2akgTt? x? 2akgT* ( x* 
Then (A, T)dA — dx = ; 
J ( ) ioc? I aj ioc? 15 
T an^ ka 
Therefore, Ji, T)da =| E Tt -oT*|. 
5 15h*c 
ET 225 (1381079 J/K) 


(b) From part (a), 


154°? — 45(6,626 x10 J-s] (3.0010 m/s)? 
o =| 5.67x10° W/m?-K? |. 


27 hc? 
peje zl 


To find the wavelength at which this distribution has a maximum, compute 


dl 2x hc? -54 fe" tet -f - A [ell tat -1[ ester PN -0 
da AST 


E 
P40.62 Planck's law states I(A, T)= -2zhc?A? jee as 1] 


dl 2a hc? hc phe aT 


di apr -1] 2d AksT Án -1] = 


he » 


Letting x = =D; 
Bk 


" : xe 
T’ the condition for a maximum becomes ; 
B € — 


We zero in on the solution to this transcendental equation by iterations as shown in the table below. 
The solution is found to be 


efe 
4.000 00 4.074 629 4 
4.500 00 4.550 5521 
5.000 00 5.033 918 3 
4.900 00 4.936 762 0 


4.964 50 


asus — a 


hc hc 


x2 — —— - 4.965115 and Anxl 2 —ÀL—. 
A maxkBT 4.965 115kg 


Eee eee 
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(6.626 075 x 10™ Js (2.997 925 x10* m/s) 
4965 115(1.380 658x10” J/K) 


Thus, A maT = =| 2.897 755 x 10° m-K |. 


This result is very close to Wien’s experimental value of 4,,,,T = 2.898 x 10 ? m-K for this constant. 


P40.63 (a) Planck's radiation law predicts maximum intensity at a wavelength ^ max we find from 
Mt y= fl T |e (Rej AkgT) ap. 
da da 
0- 2 hc (1e - T olte/ Aka) oie le 2z hc?(-5)A [ouem - du 
ds 
— hcec 4T) 5 
or 


+ = 
Jk [en al " [oo -1| 
B 


which reduces to (28 p Aste i zu T) 
c 


hc 
AkgT 


Define x = 


Then we require 5e* —5 = xe". 


Numerical solution of this transcendental equation gives x = 4.965 to four digits. So 


hc 
A = —— — ——, in agreement with Wien's law. 
See poe p ue "t s 


2r hc?^dÀ 
Ale (hc/AkgT) _ i| 


The intensity radiated over all wavelengths is ju A, T)dA=A+B= le 


Again, define x= n so A= E. and dA =- c 
AkgT xkp x^kgT 


dx. 


C CL hcdx 2akgT^ ? x?dx 


Then, A+B= = : 
n IP cx T(e -1) hoc? m -1) 
z^ 2a keT4 
The integral is tabulated as 15' so (in agreement with Stefan's law) A+B = UA 
C 


The intensity radiated over wavelengths shorter than Å max is 


Am A max 2 
0 0 ED (ies) -1| 


With x = nes. this similarly becomes A - — ; 
AkgT hc^ 49€ -1 


So the fraction of power or of intensity radiated at wavelengths shorter than 2 max is 


4.965 
reirte otis J [ae] -5 4365 31. 


A+B 225 KAT * 15h? Pe ae Wh 


continued on next page 
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P40.65 


P40.66 
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(b) Here are some sample values of the integrand, along with a sketch of the curve: 


x x°(e* — 1)" 
0.000 0.00 
0.100 | 9.51x10? 
0.200 | 3.61 x10? 

1.00 0.582 


À 
2.00 1.25 
3.00 1.42 FIG. P40.63(b) 
4.00 119 
4.90 0.883 
4.965 0.860 
Das ; vue ut A 15 
Approximating the integral by trapezoids gives PESO 1——; (4.870) =| 0.2501 |. 
T 


p = mo = J2mE = |2{1.67x10~ kg)(0.040 0 ev) (160 10-9 J/eV) 


A= Jc 143x107 m=] 0.143 nm 
mo 


This is of the same order of magnitude as the spacing between atoms in a crystal so diffraction 
should appear. 


h 
Ac= h adc Dern. UM ; 
mC p A hip mc 
E? 
E? - y? e (mc?) pP-4—-(m,c) 


1 
(à) — mgy;-moj 


v, = 28y; = 2(9.80 m/s?)(50.0 m) = 31.3 m/s 


-34 
A= 2 oe MH MS 2.822x10 77 m| (not observable) 
mo (75.0 kg)(31.3 m/s) 


(D — AEAt> i 


6.626 x10 ™* J.s — 


uS Az (5.00 x10? s) 


1.06 x10 J 


—32 
(c) Ex Loe U 2.87 x 10 °% 


E  (750kg)(9.80 m/s? (50.0 m) 
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P40.67 


P40.68 


P40.69 
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From the uncertainty principle | AEAt= i 

Or A(mc?)at -— 

Therefore, eme. 1 = n 

m  Amc*(At)m | 4z(AM)Eg 
-34 7. 
Am _ 6.626 x 10° J-s | UMEN )- Teel 
m 45(870x1077 s)(135 MeV) 160x107 J 
h 
AÀ- (1— cos0) 2 A' - Àg 
m,c 
heh h E 
pem —Á Ay * ——(1 - cos 0) 
A’ Ag-*tAÀ m,c 
E 
E'- i 1+ i (1- cos 6) 
Ao M,C Ag 
h h [P E á 
fiere : (1-cos8)| =E|1+ (1 cos Q) 
Ao mc Ag M,C 

(a) The light is unpolarized. It contains both horizontal and vertical field oscillations. 

(b) The interference pattern appears, but with diminished overall intensity. 

(c) The results are the same in each case. 

(d) The interference pattern appears and disappears as the polarizer turns, with alternately 
increasing and decreasing contrast between the bright and dark fringes. The intensity on the 
screen is precisely zero at the center of a dark fringe four times in each revolution, when the 
filter axis has turned by 45°, 135°, 225°, and 315° from the vertical. 

(e) Looking at the overall light energy arriving at the screen, we see a low-contrast interference 


pattern. After we sort out the individual photon runs into those for trial 1, those for trial 2, 
and those for trial 3, we have the original results replicated: The runs for trials 1 and 2 form 
the two blue graphs in Figure 40.24 in the text, and the runs for trial 3 build up the red 
graph. 


P40.70 
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Let u' represent the final speed of the electron and let uu 


Photon 
gx | 


-1/2 
z | . We must eliminate Gand u' from the Incident 7 À 
c 
three conservation equations: 
q IN Clos — Sr: Scattered 


Photon Electron 


he he. he j Electron 
gs ue x HE [1] N 
£ A (a) (b) 

5 +ym u 1:050 mai cos B [2] 

0 

FIG. P40.7 

© sind = y,u' sin f [3] ea 
Square Equations [2] and [3] and add: 
Lum d b 2hym,u 2h? cos ARAM COSTE a iura 

Ao A' Ag ÀgA' A' 

2 2 2h oh 0 2 2,12 
h h gymu? ymu A LA 2h coses ud : 

LONE Ai A EN. 1-u'?fc 

bu? b c^b 


Call the left-hand side b. Then b- —- — m2u'? and u'? = 
C 


2 2a cs 
m2 +b/c mec” +b 


Now square Equation [1] and substitute to eliminate y': 


g 2 2h 2 9h 2.2 
h pyme? + 4 ur 2h : P a = L-mic +b. 
i 2 
2h 2h 
So we have s + E. t y3m2c? y m,c ym,c 2h 
A Ao A Ap 
-mc UE yat? ,2hym,u _ 2hym,ucosé 2h? cos 0 
Xo A Ao A! PET 
AgA' 
Multiply through by 3 z 
mzc 
' 2 PL 
Ady? + 2hA'y 2hAgy ae ep ÀAoA'Y ohh! al SU A 2n? Se 
mM C M C mgc m P m Ci » "E m? E 
2,2 ; , 
t? i n pzz 1 3 2hyÀ, h me a wA 
C mc C MC C m2c 
1- (ucosó E 
The first term is zero. Then À'2Àg (ucos@)/c ie hy 1 (155980) 
1-u/c 1-u/c 


d ^M 3e 


1- 0 1 
this result may be written as Al SA (eoa + 1 tufe (1— cos) |. 
1-u/c mc V1—ujc 


It shows a specific combination of what looks like a Doppler shift and a Compton shift. This problem 
is about the same as the first problem in Albert Messiah's graduate text on quantum mechanics. 
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ANSWERS TO EVEN PROBLEMS 


P40.2 (a) —107 m ultraviolet; P40.30 (a) 0.667; (b) 0.001 09 
(b) ^10? m gamma ray 
P40.32 (a) 14.0 kV/m, 46.8 4T; (b) 4.19 nN; 
P40.4  (a)70.9 kW; (b) 580 nm; (c) 10.2 g 
(c) 7.99 x 10. W/m; 
(d) 9.42 x 10-1256 W/m; P40.34 (a) 0.174 nm; (b) 5.37 pm or 5.49 pm 
-2 10 ignoring relativistic correction 
(e) 00x 1077. W/m; (f) 5.44x 10 W/m; 
(g) 7.38 x10" W/m; (h) 0.260 W/m; P40.36 (a) see the solution; (b) 907 fm 
(i) 2.60 x10 W/m; (j) 20 kW 
P40.38 0.218 nm 
P40.6  2.96x10”° phot 
D o P40.40 (a) 1.60; (b) 2.00 x 10; (c) 1; (d) vo 
3 
PS a pHOLONS P40.42 (a) 110x10 m/s; (b) 1.36 x 10® s; (c) no 
31 
EHI. ELEXA P40.44 see the solution 
P40.12 see the solution P40.46 105V 
P40.14 (a) 1.38 eV; (b) 334 THz P4048 (a) 0.250 m/s; (b) 2.25 m 
i : 2.22 eV , Metal : 3.70 eV 
Fee, SMERTENE i ene P40.50 — 3.79x 10 m, much larger than the 
P40.18 148 d, the classical theory is a gross failure diameter of the observable Universe 
P40.20 (a) The incident photons are Doppler P40.52 (a) see the solution; (b) 5.21 MeV 
shifted to higher frequencies, and hence, NS 
higher energy; (b) 3.87 eV; (c) 8.78 eV P40.54  (a)l7eV;(b)42x10 " V.s; (c) 730 nm 
25252 
P40.22 (a) 488 fm; (b) 268 keV; (c) 31.5 keV pase EEB R 
A 2m, 
P4024 p= 2a KEV. K, =478 ev l 
c P40.58 see the solution 
a( m cà Eo P40.60 see the solution 
P40.26 (a) COS PURUS y 
V eiii P40.62 see the solution 
(b) E' = Eo outer + Ep 
fe» 40 m,c? +E J P40.64 0.143 nm, comparable to the distance 
y ER 2m,c Ae between atoms in a crystal, so diffraction 
Py = $ ; can be observed 
2c\ mc" +E 
() K,= Ee P40.66 (a) 2.82 x10” m; (b) 1.06 x 10°” J; 
; 2(m,c? + Ej) (c) 2.87 x 10% 
p E, ( 2m,c* + Ey P40.68 see the solution 
* 26 m +Eo 
P40.70 see the solution 
P40.28 (a) 33.0°; (b) 0.785c 


CHAPTER OUTLINE 


41.1 


An Interpretation of Quantum 
Mechanics 


Quantum Mechanics 


ANSWERS TO QUESTIONS 


mee Q41.1 A particle’s wave function represents its state, containing all the 
41.2 A Particle in a Box . 3 . g s ; 

The Particle Under Boundary information there is about its location and motion. The squared 
Conditions absolute value of its wave function tells where we would 
The Schródinger Equation ; : i , TET 2 
A Particle rea Wall of Finite classically think of the particle asa spending ings i time. |V/ 
Height is the probability distribution function for the position of the 
Tunneling Through a particle. 
Potential Energy Barrier 
The Scanning Tunneling 7 z : E 
Microscope Q41.2 The motion of the quantum particle does not consist of moving 


through successive points. The particle has no definite position. 
It can sometimes be found on one side of a node and 
sometimes on the other side, but never at the node itself. There 
is no contradiction here, for the quantum particle is moving as 
a wave. It is not a classical particle. In particular, the particle 
does not speed up to infinite speed to cross the node. 


The Simple Harmonic 
Oscillator 


Q41.3 Consider a particle bound to a restricted region of space. If its minimum energy were zero, then the 
particle could have zero momentum and zero uncertainty in its momentum. At the same time, the 
uncertainty in its position would not be infinite, but equal to the width of the region. In such a case, 
the uncertainty product AxAp, would be zero, violating the uncertainty principle. This contradiction 
proves that the minimum energy of the particle is not zero. 

Q41.4 The reflected amplitude decreases as U decreases. The amplitude of the reflected wave is 
proportional to the reflection coefficient, R, which is 1 - T , where T is the transmission coefficient as 
given in equation 41.20. As LI decreases, C decreases as predicted by equation 41.21, T increases, and 
R decreases. 

Q41.5 Consider the Heisenberg uncertainty principle. It implies that electrons initially moving at the same 
speed and accelerated by an electric field through the same distance need not all have the same 
measured speed after being accelerated. Perhaps the philosopher could have said “it is necessary for 
the very existence of science that the same conditions always produce the same results within the 
uncertainty of the measurements." 

Q41.6 In quantum mechanics, particles are treated as wave functions, not classical particles. In classical 
mechanics, the kinetic energy is never negative. That implies that E > U . Treating the particle as a 
wave, the Schródinger equation predicts that there is a nonzero probability that a particle can tunnel 
through a barrier—a region in which E «U. 
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Q41.7 


Q41.8 


Q41.9 


Quantum Mechanics 


Consider Figure 41.8, (a) and (b) in the text. In the square well with infinitely high walls, the 


particle’s simplest wave function has strict nodes separated by the length L of the well. The particle’s 
2 2 


wavelength is 2L, its momentum =, and its energy ER Now in the well with walls of only 


2m 8m 
finite height, the wave function has nonzero amplitude at the walls. The wavelength is longer. The 


particle's momentum in its ground state is smaller, and its energy is less. 


Quantum mechanically, the lowest kinetic energy possible for any bound particle is greater than 
zero. The following is a proof: If its minimum energy were zero, then the particle could have zero 
momentum and zero uncertainty in its momentum. At the same time, the uncertainty in its position 
would not be infinite, but equal to the width of the region in which it is restricted to stay. In such a 
case, the uncertainty product AxAp, would be zero, violating the uncertainty principle. This 
contradiction proves that the minimum energy of the particle is not zero. Any harmonic oscillator 
can be modeled as a particle or collection of particles in motion; thus it cannot have zero energy. 


As Newton's laws are the rules which a particle of large mass follows in its motion, so the 
Schródinger equation describes the motion of a quantum particle, a particle of small or large mass. In 
particular, the states of atomic electrons are confined-wave states with wave functions that are 
solutions to the Schródinger equation. 


SOLUTIONS TO PROBLEMS 


Section 41.1 An Interpretation of Quantum Mechanics 


P41.1 


P41.2 


; 10 
(a) v(x)- Agee a A cos(5 x 107? x) + Aisin(5 x 101? x) = Acos(kx)+ Aisin(kx) goes through 
a full cycle when x changes by 4 and when kx changes by 27. Then kA = 2z where 


k =5.00x10 m7 -2 Thersa . 1158x107 |. 


(5.00 x 10'°) 


h 6.626x10™ J-s ae 
b =—= =|5.27x10 ^ kg-m/s 
0) PAI 126x10 m a gn 


c m,-9.11x10™! k 
(c) 3 g 


2,2 2 24 k : 
mio) p? (5.27x10™ kg-m/s) 2 
- =_= =1.52x10 1 J= 
e 2m — (2x911x10?' kg) 


152x107" J 
1.60 x10” J/eV 


K 95.5 eV 


—a —ü —uü 


P= er'i-es en] C5] HS 


Probability P= Irol = i SE 2j dx = BB 


Section 41.2 A Particle in a Box 


P41.3 


P41.4 


P41.5 


E, = 2.00 eV =3.20 x10” J 
h2 


For the ground-state, Er 
b : 8m, L 


h 


a L=——— = 434x10" m=] 0.434 nm 
(a) Iu [0.434 nm | 


2 2 
(D AE=E, zl i | | 4 }- 6.00 eV 


8m,? ] (8m 


For an electron wave to "fit" into an infinitely deep potential well, an integral 
number of half-wavelengths must equal the width of the well. 


-9 

Am, ope aoa! 

2 n p 

2 h2/72 2 2 
(a) Since K- P | / ) = c E 7 - (0.377n?) eV 
2m, 2m, 2m, (2x10? 
For Kz6eV n=4 
(b) With n-4, K =6.03 eV 

(a) We can draw a diagram that parallels our treatment of standing 
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- 


FIG. P41.4 


mechanical waves. In each state, we measure the distance d 
from one node to another (N to N), and base our solution upon 


that: 
Since AN toN zc and des 
2 p 
gi 
PS M 
2 
2 2 6.626 x 10-4 J.s 
Next, K= P B E | ) 


2m, 8md? d'| 8(9.11x10™ kg) 


|—.602x1075 J. m? _ 377x107" eV.m? 


Evaluating, K re K 32 
Instatel, | d-100x10 m K, 2377 eV. 
Instate2 | d-500x10 m K, =151 eV. 
Instate3, | d-333x10 ! m K4 =339 eV. 
Instate4, | d-250x10 !! m K, =603 eV. 


continued on next page 


FIG. P41.5 
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(b) When the electron falls from state 2 to state 1, it puts out energy 


E=151 eV - 377 eV =113 eV -hf etm 
into emitting a photon of wavelength 
hc (6626x107 J.s(3.00x10* mys) 
A2—- T =11.0 nm. 
E (113 eV)(1.60x10™ J/eV) 


The wavelengths of the other spectral lines we find similarly: 


2s 


[nm] | an | 25 | 2: | $9 | 42 ] 319 ] 


P41.6 A=2D for the lowest energy state 


a a (6.626 107?* J-s]" 
2m 2m4? 8mD* [41.661077 kg) (100 107 mJ 


-8.27 x10 ^ J =| 0.517 MeV 


"s h h 6626x107 J-s 
4 2D 2(L00x10 m) 


-|331x10 ? kg.m/s | 


2 2 
Pay pee [2? -17]= Sei. 
A \ 8m,L 8m,L 


L- Eus -793x10 ? m=] 0.793 nm 
8m,c 


P41.8 a-t] h? p 14] 3h? 


À (8m? 8m, L 
o cpel 3hA 
8m,c 
P41.9 The confined proton can be described in the same way as a standing 


wave on a string. At level 1, the node-to-node distance of the standing 
wave is 1.00 x 10 ^ m, so the wavelength is twice this distance: 


m 2.00 x 104 m. 
p 


The proton's kinetic energy is 


2 2 -34 psy 
"TER UN d (6.626 x 10 J-s) Pe eae 


2m 2m7? 2(1.67 «1077 kg (200 x10% mJ" 


s FIG. P41.9 
3.29 x 107 J 


— 160x10 ? J/eV 


= 2.05 MeV 


continued on next page 


P41.10 


P41.11 
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In the first excited state, level 2, the node-to-node distance is half as long as in state 1. The 


momentum is two times larger and the energy is four times larger: K = 8.22 MeV. 


The proton has mass, has charge, moves slowly compared to light in a standing wave state, and 


stays inside the nucleus. When it falls from level 2 to level 1, its energy change is 
2.05 MeV — 8.22 MeV = -6.16 MeV. 


Therefore, we know that a photon (a traveling wave with no mass and no charge) is emitted at the 


speed of light, and that it has an energy of | +6.16 MeV |. 


6.16 x 10° eV (1.60x10 P? J/eV 
Its frequency is f= : E | 7 =) TEN / ) =1.49 x10” Hz. 
5 x 'S 


c 300x10* m/s 


20h TERES 2025107 m |. 


And its wavelength is A= 


This is a gamma ray, according to the electromagnetic spectrum chart in Chapter 34. 


The ground state energy of a particle (mass m) in a 1-dimensional box of width L is E, = ED 
m 


(a) For a proton (m -167x1077 kg) in a 0.200-nm wide box: 


(6.626107 J-s] " : 
E, = ; 7822x107 J=| 5.13107 eV |. 
8(1.67 x 107 kg}(2.00 x 10" m) 


b) For an electron (m - 9.11 x 10?! kg) in the same size box: 
8 


(6.626 x10% J-s)” P 
E, = ; 7151x107 J - [9.41 eV |. 
8(9.11 10?! kgJ(2.00x 10" m) 


(c) The electron has a much higher energy because it is much less massive. 


2 
E, = <a n? 
8mL 


-34 2 
(6.626 x10 J:s) 
E= -821x10 4] 


8(1.67 x 1077 kg)(2.00x10™ mJ 


E, =| 0.513 MeV E, =4E, =| 2.05 MeV | E,-9E, =| 462 MeV 


Yes |, the energy differences are ~ 1 MeV, which is a typical energy for a yray photon. 


2 
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h2 
*P41.12 (a) The energies of the confined electron are E,, = ET n”. Its energy gain in the quantum 
m 


m 
jump from state 1 to state 4 is EY (4 = 1 and this is the photon energy: 
m, 


8m,c 


12 
= hf =. Then 8m,cl? =15h4 and -(24| | 


, hi^ BP ox. È a3 2 
(b) Let 2’ represent the wavelength of the photon emitted: — = = z2 = 25 
A 8m,L 8m,L 8m,L 


hc A! h?15(8m,L”) 5 
A hc 8m,L?12h* 4 


Then and | A' =1.254 |. 


Section 41.3 The Particle Under Boundary Conditions 


Section 41.4 The Schrödinger Equation 


2 
P41.13 — We have y = Ae 790 and Tey 
e? 2 m 
Schródinger's equation: Ar k^y =-—(E-U)y. 
22) (2x 2 2 
Since RE 7) ( p) =F and [pu 
A h h 2m 
Thus this equation balances. 
P41.14  v(x)- Acoskx + Bsinkx nz —kA sin kx + kB cos kx 
x 

2 
y - -k^Acoskx - k?Bsin kx = (E-U)y= TT (A cos kx + Bsin kx) 

x 
Therefore the Schródinger equation is satisfied if 

2 
: T - n je U)v or -k?° (Acos kx + Bsinkx) = (- S ja cos kx + Bsin kx). 

x 

ne 
This is true as an identity (functional equality) for all x if | E = 5 
m 
*P41.15 (a) With w(x) = Asin(kx) 
dc d? 2 
d sin kx = Akcos kx and d - -Ak^ sinkx. 
x x 
2:142 2,2 h?(4Az? 2 2:55 
Then z ey. xs Asin kx = | y-L va y =—mv’y - Ky. 
2m dx 2m Ax" (2° 2m) 2m 2m 


(b) With y(x)=A sin =") = Asinkx, the proof given in part (a) applies again. 


P41.16 


P41.17 


P41.18 


P41.19 
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L 
(a) ()= [sre (27) 


L 
1x? 
Ha 


1 ^ ER Anx 
L 167° 


0 


0.510L 0.510L 
2 4 
(b) Probability = f sie rs $ x rA sin =) 
0.490L L L L4z L JosL 


Probability = 0.020 — Z lsin 2.047 -sin 1.967) =| 5.26 x 10? 
m 


(c) Probability| $n E -|[3.99x10? 


x 
L 4r 


(d) In the n = 2 graph in Figure 41.4 (b), it is more probable to find the particle either near x = E 


L 
or x= T than at the center, where the probability density is zero. 


een "s 
Nevertheless, the symmetry of the distribution means that the average position is z 


Normalization requires 


L 
fef dx =1 or fa? sin (475 s -1 
0 


all space 
L 

fa? sin (47 s - E) or a- j2 , 
0 L 2 E 


Se 2 29s Azxx 
The desired probability is P= f ly| dx = m f s (255 js 
0 0 


L 
where ae oss COGAR 
2 
L/A 
4 
Thus, T E ae M ope E 0 0«0]- 0.250 |. 
L 4r  L M 4 


2 
In 0<x<L, the argument = of the sine function ranges from 0 to 27. The probability density 


2 
B sin’( 27%) reaches maxima at sin 0 = 1 and sin 8 = —1 at 


20x m 2ax 3m 
=— and =—. 
L 2 L 2 
M : L 3L 
The most probable positions of the particle are at | at x — i andx- FRI 
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, ( : 
2 
*P41.20 (a) Probability = fli ax - - fain’ je zd jf ed = lax 
0 0 


Le L 
1 L . (2x)! |e 1 (2x0 
=—|x sin = sin 
L 27 L o LL 2a L 
(b) Probability Curve for an Infinite 
Potential Well 
1.2 
1 
gp 08 
$ 06 
m— 
g 
& 0.4 
0.2 
0 
0 0.5 1 1.5 
£ 
L 


FIG. P41.20(b) 


(c) The probability of finding the particle between x 2 0 and x= £ is 5, and between x= / and 


pany gen 

3 

D 

2 
Thus, flos ax Im 

5 3 
£e qvo AM i 2 
os sin =—, or u-—sin2zu=—. 
L 2x L 3 Ax 3 


D TEE : ; 
This equation for — can be solved by homing in on the solution with a calculator, the result 


being L- 0.585, or =| 0.585L | to three digits. 


P41.21 


P41.22 


(a) 


(b) 


(c) 


(a) 


(b) 
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L/3 L/3 L/3 > 
The probability is ps f Iv| dx= f zs (5 is - : IE s zt us 
J EE AT) EG aE 
L/3 
2 
p=|Ž : sin E : sin a 1 3 0.196 
L 2x L jo 3 2x 3 3 42 


The probability density is symmetric about x = =, 
Thus, the probability of finding the particle between 
x= > and x=L is the same 0.196. Therefore, the 


probability of finding it in the range is x< > is 


P - 1.00 - 2(0.196) =| 0.609 |. 


FIG. P41.21(b) 


Classically, the electron moves back and forth with constant speed between the walls, and 
the probability of finding the electron is the same for all points between the walls. Thus, the 
classical probability of finding the electron in any range equal to one-third of the available 


Space 15 P'lsssiest el xm 


Wi(x)= i = ex £5) 


8 


8 


FIG. P41.22(b) 
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P41.23 Problem 43 in Chapter 16 helps students to understand how to draw conclusions from an identity 
2 2 
x dy 2Ax d^w 2A 
a x)= A} 1-—— kite ART ee a Meh, = SE 
@) ve) | js | dx it dx? L 
2 
Schrédinger’s equation Ai -- SE -u)v 
dx h 
2A 2m x 2m (Cx) - x) 
becomes eg ag Le—*— TES WEE 
L L h mL (L -x ) 
1 mE mEx* x? 
Dr* M Bue qm 
Lf ; 1 mE 
This will be true for all x if both 3 a 
I^ À 
mE 1 
= we r 
2 
both these conditions are satisfied for a particle of energy E- 5- 
m 
L Peod L 2x2 xf 
(b) For normalization, 1= f afi = D dx = A? J f rt zs 
L I^ L 
-L -L 
ax3 T DR NEUE: 16L 15 
1=A*| x - — 4 — Al L+=+L-=L+ l-^( A=,|— 
3L 5L], 3 5 3 5 15 16L 
L/3 L/3 2 3 5 3 
" A (ee jf: 2x el 2x | 30 E aL 
-1/3 16L ij L L 16L 3L" 5L -1/3 16L|3 81 1215 | 
P= ies 0.580 
81 
P4124 (a) Setting the total energy E equal to zero and rearranging the Schródinger equation to isolate 
the potential energy function gives 
2 2 
U(x) = Te Lew: 
2m )w dx 
If y(x)= Axe XI 
2 xp 
Then SE (44:9 -6Ax12) —, 
dx L 
diy (4x? - 6D?) 
Or qu Ls y(x) 
h? (Ax? 
and = ——- 
2mL? | 1 | 
(b) See the figure to the right. 


FIG. P41.24(b) 


Section 41.5 A Particle in a Well of Finite Height 
P41.25 (a) See figure to the right. 
(b) The wavelength of the transmitted wave 


P41.26 w(x) 
0 L 0 L 


Section 41.6 Tunneling Through a Potential Energy Barrier 
2m(U —E 
P41.27 T-e? where C= ven") 
2 (91 x 10-*)(8.00 x10) 
CL= m (200x107) - 458 
1.055 x10 
(a) T =e" =| 0.0103 |, a 196 chance of transmission. 
(b) R=1-T =| 0.990 |, a 99% chance of reflection. 
NE CER x 10?! 5.00 — 4.50)(1.60 x 107?) kg-m/s 
P4128 C= E 
1.055 x 10 7^ J.s 
T - e?€ = exp|-2(3.62 x 10* m! (950 x107? m)|- exp(-6.88) 
T2|103x10? 
P41.29 From problem 28, C =3.62 x10? m! 


traveling to the left is the same as the original 
wavelength, which equals | 2L |. 


FIG. P41.26 


10% = exp|-2(3.62 x10? m^ x]. 


Taking logarithms, 


New L 21.91 nm 


-13.816 - -2(3.62 x10? m^ )L ; 


AL =1.91 nm - 0.950 nm = 


0.959 nm |. 


= 3.62x10? m^! 
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FIG. P41.25(a) 


--U = 10.0 eV 


——>{ | E=5.00eV 
Electron 


M 


0.200 nm 


FIG. P41.27 


Energy EL 


FIG. P41.28 
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-2CL 


*P41.30 The original tunneling probability is T = e where 


1/2 
c Bru- p)? 2z(2x911x10?' kg(20-12)1.6x10- JJ" 
| n 6.626 x 107 J.s 


1240 eV. 
The photon energy is hf — a = M aa 
nm 


12+ 2.27 = 14.27 eV and its decay coefficient inside the barrier 


=1.4481x10!° m^, 


= 2.27 eV, to make the electron’s new kinetic energy 


: 2 (2 9.1110?! kg(20-14.27)1.6 x10? J)" : 


=1.2255x10" m^. 
6.626 x 10-4 J.s 


Now the factor of increase in transmission probability is 
grt 2L(C-C') _ ,2x10? mx0.223x10!? m^! 4.45 
—ÀT-- =e =e" =| 85.9 


Section 41.7 The Scanning Tunneling Microscope 


P41.31 With the wave function proportional to e €^, the transmission coefficient and the tunneling current 


are proportional to |y toe, 


Won 1(0.500 nm) - genie nmi) _ 90.0(0.015) _ 1:35 
" 1(0.515 nm) e 19 0/nmj(0.515 nm) pS ; 


-2CL 


P41.32 A With transmission coefficient e ^*^, the fractional change in transmission is 


g MIO O/nm)L — ,-2(10.0/nm)(L«0.00200 nm) 


2:3 — e 2 0(0-00200) _ 3305 = 62% || 


—2(10.0/nm)L 


e 


Section 41.8 The Simple Harmonic Oscillator 


2 2 
P41.33 y = Be (me/2h)x so = = (ky and dy = (=2) xy (- ze, 


2 2 
2mE 
Substituting into Equation 41.13 gives (=2) xy +( ma y 4 y + (z2) xy 


which is satisfied provided that E = m. 
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P41.34 Problem 43 in Chapter 16 helps students to understand how to draw conclusions from an identity. 


y= Axe™ so ee Ae" — 2bx Ae 
dx 
2 
and a =—2bxAe™ —AbxAe™ +.4b2x3e™ = Lp y - Ab?x?^y. 
x 
z E $ 2.2 2mE mo A 2 
Substituting into Equation 41.13, —6by + Ab^x^w A y+ ; x^v. 
For this to be true as an identity, it must be true for all values of x. 
2mE moy 
So we must have both -6b -- z and 4b* = (=) : 
(a) Therefore p=? 
2h 
2 
(b) and E= gL = 3 no . 
m 2 
(c) The wave function is that of the] first excited state |. 


P41.35 The longest wavelength corresponds to minimum photon energy, which must be equal to the 
spacing between energy levels of the oscillator: 


- 1/2 
dXisi0 ™ k 
E ELE ET |= = 22(3.00 x108 m/s) AUO SE eem. 
À m k 8.99 N/m 


2 
P41.36 (a) With y = Be ("°!?")"" the normalization condition flf ax =1 


all x 


becomes 1 = [Bre Tro gy - 2B? | eo ay = 2B" py ee 
d 2\moa/h 


—o0 


where Table B.6 in Appendix B was used to evaluate the integral. 
; 14 
Thus, 1 = B?.]— and s- [e ; 
mo zh 


(b) For small 6, the probability of finding the particle in the range E «x« : is 


he 2 mo d 
J lef ax apo = oB?e? = 4 | 
-5n zh 
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*P41.37 (a) For the center of mass to be fixed, mv, +m v2 20. Then 


»-|v;|-[va| = [vi | 5o; | - 2.7 73 | and o| - —72^ — Similarly, v  —2- o; |- o; | and 
m» m» m4, +M, i 


lv;|- M? Then 
273 2,3 
d mod +b kx? I UAE ESSE 5 1 ua 
2 2 2 (m +m) 2(m +m) 2 
mym>(m,+m 
_ 1 mym,(m, mj) m ss uis kx2 
2 (mm) 2 


(b) a E uv? + : et) — 0 because energy is constant 
dx\ 2 2 


je o s 2 a +kx= u D tke. 
2 x x t 


k 
Then wa=-kx, a=- = This is the condition for simple harmonic motion, that the 


acceleration of the equivalent particle be a negative constant times the excursion from 


equilibrium. By identification with a = 0° x, @= E =2a f and| f = ZE 
u dd Wa 


P41.38 (a) With (x) 2 0 and (px) = 0, the average value of x? is (Ax)? and the average value of p? is 


h 
(Ap... Then Ax > m requires 


x 


2 2 2 2 
" Pi R k ht Ups Ps kh 
2m 2 4p? 2m 8p? 


2 
(b) To minimize this as a function of p?, we require E =0= z + - (-1) L : 
x m x 
4 251/2 
kħ 1 2 | 2mkh h4 mk 
Then —P^-— so Px = = 
8p? 2m 8 2 


h4mk kh?2  h [k ht [k 
and E> + = + 
2(2m) 8hvmk 4\m 4\m 


h Ik ho 
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Additional Problems 


P41.39 Suppose the marble has mass 20 g. Suppose the wall of the box is 12 cm high and 2 mm thick. While 
it is inside the wall, 


U = mgy = (0.02 iis m/s? (0.12 m) = 0.0235 J 


and E=K= Im? == nu 02 kg)(0.8 m/s)” 20.006 4J. 


| 2m (U - E) 2(0.02 kg) (0.017 1 
Then E zu UM 25x10? m 


1.055 x 10-4 J.s 


and the transmission coefficient is 


m g 2520? (2207) 71010” _ z 29 (90?) 219-4310? L[ 1920? ] 


P4140 (a) A22L-2|2.00x10 1? m 


_h | 6626x107 J- 
A  200x10 m 


(b) * - [331x107 kg-m/s | 


(Q). E= =[0172 eV 


2m 
P41.41 (a) See the figure. (b) See the figure. 
Y Ivi? 
A A 
1 | x ———L_ X 
-1/a 0 1/a -1/a 0 1/a 
FIG. P41.41(a) FIG. P41.41(b) 
(c) yis continuous and y >0 as x — to. The function can be normalized. It describes a 


particle bound near x - 0. 


(d) Since yis symmetric, 


Tlf ax - 2] dx -1 


—oo 0 


Or 2A jeu Jer e^)-1. 


This gives | A= Ja : 


21/24 
(e) P -y2a)>(1/2a) 7 2( va): Je dx -( pu eo -1) n (1 i e) gines 


x=0 
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P41.42 


(a) 


(b) 


Use Schrédinger’s equation Incoming particles 
— 
oy 2m 
—>=-— (E-U 
a m CSH ı  E=700eV 
U = 5.00 eV 


with solutions 


ik x -ikx : u-0 
y= Ae T Be” [region 1] 


y = Ce [region II]. FIG. P41.42(a) 
Where ee 2mE 
h 
Am(E-U) 
and k, = 
h 
Then, matching functions and derivatives at x =0 
(v1), =m) gives A+B=C 
and (=) = (=) gives k,(A-B)=k,C. 
dx Jo dx Jo 
Then .l-h/h 
1+k, /k, 
and C= es A 
1+ky /k, 
ik ik p? (17k /k) (ky —k,)” 
Incident wave Ae'* reflects Be '"* , with probability R=— = -= 5 
AU (1+k2/k,) (kı +k) 


With E=7.00 eV 
and U — 5.00 eV 


ky. [E-U _ [200 ou. 
ky E 7.00 


1-0.535)" 
The reflection probability is R= CENE 


0.092 0 |. 


(140535) - 


The probability of transmission is T=1-R=]| 0.908 |. 
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2 2 Incoming particles 
kı -k 1-k,/k 
pas p&er 
(kitka) (1+kz/ki) es 
nk? ; B 
= E-U for constant LI | ju 
2m EXE 
2,2 uU=0 
aki =E since U=0 (1) 
2m 
FIG. P41.43 
hk? 
2=E-U (2) 
2m 
2 
Dividing (2) by (1), P jobup hose 
ki E 2.2 ky 42 


N 


2 2 
and therefore, R= i E 1/42) = (2 = 1) =| 0.029 4 |. 


(11/42) (J2+1) 


P41.44 (a) The wave functions and probability densities are the same as those shown in the two lower 
curves in Figure 41.4 of the textbook. 


0.350 nm 5 2 0.350 A zx 
P= dx = sin dx 
(b) i- Jil (x x] J m | 


0.150 nm 0.150 


0.350 nm 
: 2 
=(2.00/nm) t Hmm a ee 
2 4r 1.00 nm 


0.150 nm 


In the above result we used [ si? axdx — (4) - (=) sin(2ax). 
a 


0.350 nm 
s 2 
Therefore, P, =(1.00/nm)| x aS Gee 
27 1.00 nm / o ico nm 


P = (L00/nm)fo.350 nm-0.150 nm- = 2M [sin(0.70077) - sin(0.3007)]) - [0.200 ]. 
T 


0.350 
2 . 4 
(c) P, ros f si hax - 200 aw zi = 
1.00 y4q) (100 2 8z \ 1.00 


0.350 


0.150 


100 . EX 


P, 21.00 x - ——sin 
4 1.00 


0.350 100 
J - 1o0(050 — 0.150) - — [sin(1.407) - sn(0.6007)] 
c 4r 


0.150 


0.351 


2,2 
(d) ^ Using E, = IP we find that E, =| 0.377 eV | and E, =| 1.51 eV |]. 
m 
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P41.45 


*P41.46 


(a) 


(b) 


(a) 


(b) 
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1.80 eV ; -19 
pees d zoe s 4.34 x 10^ Hz 
h (6626x107* J.s) 100eV 
.00 x 108 
15520010. YS oisi uns oram 


Jf 434x10" Hz 


-2.64x10 ? J=| 1.65x10 ? ev 


—34 
AEM > # so AES t= A 6.62610 Js 
2 2At Az(At) 4n(2.00 x10 s) 


Taking L, =L, =L, we see that the expression for E becomes 


h? 2,42 
E- Bn, (n? +n). 


For a normalizable wave function describing a particle, neither n, nor n, can be zero. The 


ground state, corresponding to n, =n, =1, has an energy of 


h2 5 3 h2 
17 +17)=| —— |. 
8m,L’ ( ) 4m, L’ 


e 


E12 


The first excited state, corresponding to either n, 22,n, =1 orn, =1, n, - 2, has an energy 


Ji EE 5h? 
22+1?)=| — |. 
8m, L ( ) 8m, L 


e 


Ey =E1,2= 


The second excited state, corresponding to n, =2, n, =2 has an energy of 


E, = E (2«27)- is 


8m1? mL 


Finally, the third excited state, corresponding to either n, =1, n= 3 orn, =3,n,=1,has an 


energy 


n? 2.42 5h? 
Esa = Esge 14437)=)|.——— |, 
x ae 8m,L? ( ) 4m, L’ 


The energy difference between the second 


energy 
excited state and the ground state is given —————————— E, 5, E3,1 
by E n? 
h h e 
AE=E,,-E 
22 DI mE dap 
2 E12, E54 
_| 3h 
4m,D? 
Ei1 
Energy level diagram 0 


FIG. P41.46(b) 
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P41.47 (x?)= [ET 


For a one-dimensional box of width L, y,, = E a (27) 


27 nzx i^ E 
Thus, (x?) 2 = f x? sin? dx = from integral tables). 
e) al L 3 ag | d ! 


P4148 (a) flf ax =1 becomes 


—o00 


L/A 


L/4 
2 4 
A? f cos TE arma £ [f 2 -( L ]z- 
E L Ax) L 4 L -1/4 22 )| 2 
oth? = and Aa. ; 
L JVL 


(b) The probability of finding the particle between 0 and s is 


L/8 L/8 
| fasc a? | eon 1 1 [0409] 
0 0 


L 4 2m 
P41.49 Fora particle with wave function . | l|? 
y(x)- Ben for x »0 a Dec 
and 0 for x «0. — — 1 — 
0' a 
(a) lvG9[ =0,x<0 and E) s x>0 FIG. P41.49 


[e] 


(b) Prob(x «0) = ju a = js = 


—0oo —0o 


oo 0 oo 
(c) Normalization [lv cop ax = fw dx flf ax =1 


ea) —oo 0 


oo 


0 œ 2 
fodx + j(Z ax =0-e 274) = 
Žo os 9 


-(e*-1)=1 


Prob(o «x«a)- flv - [(=}e*"ae— n 
0 od 


QU e =| 0.865 
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P41.50 


P41.51 
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(a) 


(b) 


(a) 


(b) 


(c) 


(d) 


The requirement that pu Lsop- mom is still valid. 
2 A 2L 


Taking L =1.00 x10 m, m 29.11 x 10?! kg, and n =1, we find K, =| 4.69 x 10 ^ J J. 


2 

p2 (6.626 x 10?* J-s) A) 

Nonrelativistic, E; = j^ ;^602x10 "J. 
85mL 8911x107 kg\(1.00 x107? m) 


Comparing this to K4, we see that this value is too large by | 28.6% |. 


2 -7/[3)e? 3 
U= E ixi il 145) + 1) (7/3) DE L 
4z eg d 2 3 2 4z eg d 3d 


2h? h? 
From Equation 41.12, K=2E,; = = ae 
8m,(94?) | 36m,d 


7ke he 
2 z750 
3d 18m,d 


E=U+K and Z. 0 for a minimum: 


m 42 (6.626 x10)" 


dz ; = >= j^ 0.049 9 nm |. 
(7(18ke?m,) 42m,k,e (42)(9.11 x 10?! (8.99 x 10° (1.6010? C) 


Since the lithium spacing is a, where Na? = V , and the density is uu where m is the mass 
of one atom, we get: 


E a AN 2 
a=) =| Ea eee SO T 
Nm density 530 kg 


(5.62 times larger than c). 
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P4152 (a) y = Bxe "ee 


dy _ pe (mojzi? Bf- me pus _ pe memes _ af me yàg nee 


dx 

2 
Er = Bf- ZO petro = of 2 pae nem af mo Jef mo pee 
d 


2 2 
LN -ap 22 cmm s sse yàg reme 
h h 
Substituting into the Schródinger Equation (41.13), we have 


2 2 
-ap 22 cmm LE xor mo[2h)x? xus H Bxe ("212r (=) x2 Bye "92909 


This is true if -3% = =, it is true if | E = — |. 


a, 


(b) We never find the particle at | x=0 | because y =0 there. 


(c) yis maximized if oe =0=1- ene which is true at EM EMI 
dx h mo 


(d) We require flf ax =1: 


—0o0 


e 2 1/2,3/2 
1= [Bhgr ay Z 2B? [xg (9 dy -282 1 T = Ban an l 
3 4\(majny 2 (mo) 


Th m A mo a Am? o? 14 
e mel R PUE : 


|à 
(e) At x =2,/—— , the potential energy is 1 n@?x? = imo 2) = 2ho . This is larger than the 
mo 2 2 mo 


total energy —. so there is | zero | classical probability of finding the particle here. 


2 
(f) Probability = l|" dx = [Bec ) 8 = B2x2e (norme 


3/2 1/2 
Probability = ô = (se) 4h ien -|8 ue e^ 
T 


h mo 
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L L 
2 2 
P41.53 (a) — f|vlax-1: a? [s (£21e sin (275 sin ZE sn =) lax =1 
J A L L L L 


B5 " 165] + sfsinf = Js = es. -1 


f " 
TE cie [si (75 d £5 js 17L 16L . iE3 
p cog L 


A? 


A? A? 


+ sin 
2 32 


2 |2 
A? =——, so the normalization constant is | A = ||—— |. 
17L 17L 


a 


(b) fof dx 21: j|" os (22s ta (25). apes (22 )sin( =) s -1 
2a a 2a a 


—ü —ü 


The first two terms are lla and IB a. The third term is: 


a a 
2|A|B| f cos FN A Oe egal cus dx = 4|A\[B| [ cos? £X anl dx 
e. 2a 2a 2a ES 2a 2a 


8a|A|B| (=) i 
= cos 
37 2a 


=0 


—ü 


so that a(|Al? +[B|")=1, giving Ial? «|pf 1l i 
a 


o0 1/2 
*P41.54 (a) (x) J (2) e sso , since the integrand is an odd function of x. 


e fuge 2 
(b) (x) = J {=| x?e "* dx =| 0 |, since the integrand is an odd function of x. 


(c) (x) = f 7 + yi) dx=—(x), +1), + [zvol Gd 


—00 


The first two terms are zero, from (a) and (b). Thus: 


oo 1/4 3 M/4 "EVI 
(x) = j£) e we han aol 2) [xe dx 


T T T 0 


212 1/2 
4 2d | l ( Z ) , from Table B.6 
m 4\a 


P41.55 


With one slit open 


With both slits open, 


At a maximum, the wave functions are in phase 


At a minimum, the wave functions are out of phase 


| 2 
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P, -pa[ or P, aiak 
P-|y, «yj. 

2 
Pax -(wi| lvl) . 


Prin -(vil- val - 


Now LN Lc 25.0, so LAN 
P, lva] Iwal 
and Prax _ TAEI (5.00 +v)" = (6.00)? = 36.0 =| 2.25 l. 


Pmin (vs]- ha] (5.00\y 2|-|v 2)" 


(4.00)? 


16.0 


ANSWERS TO EVEN PROBLEMS 


P41.2 


P41.4 


P41.6 


P41.8 


P41.10 


P41.12 


P41.14 


P41.16 


P41.18 


P41.20 


(a) 4; (b) 6.03 eV 


0.517 MeV, 3.31x10” kg-m/s 


3ha 7? 
8m,c 


(a) 5.13 meV ; (b) 9.41 eV; (c) The much 
smaller mass of the electron requires it to 
have much more energy to have the same 
momentum. 


15h4 ) ^ 
(a) (E) ; (b) 1.254 
8m,c 


212 


see the solution; 


(a) T (b) 5.26 x 105; (c) 3.99 x 10; 


(d) see the solution 


0.250 


2ml 
inf) ; (b) see the solution; 
c L 
(c) 0.585L 


P41.22 


P41.24 


P41.26 


P41.28 


P41.30 


P41.32 


P41.34 


(a) v(x) = Z cos( =) 


2 [TX 
P, (x) =—cos*| — 5 
2) = deo =) 


(b) see the solution 


(a) zc | ; (b) see the solution 
see the solution 

1.08 x 10? 

85.9 


3.92% 


(a) see the solution; b = ma: (b) E= 3 dn 
2h 2 


(c) first excited state 
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1/4 1/2 2 
mo) | mo P41.48 (a) ——; (b) 0.409 
P41.36 B-|——| ; (b) a| — 
TORO i 
. 2 
P41.38 see the solution P41.50 (a) (=) +m?ct —me?; 
P41.40  (a)200x10 m; (b) 3.31 x10” kg-m/s; (b) 46.9 fJ; 28.6% 
(c) 0.172 eV 
3ho h 
P41.42 (a) see the solution; (b) 0.092 0, 0.908 Eton. de o e CORE 
4m? o? Ws mo ^ 
P41.44  (a)seethe solution; (b) 0.200; (c) 0.351; (d) | 3 ; (e) 0; (£) ao We) e+ 
(d) 0.377 eV, 1.51 eV zh ne 
h os n se P41.54  (a)0; (b) 0; (c) (24)? 


P4146 (a : ; ; ; 
ean 8m,I?' mJ?" 4m? 
2 


3h 
see the solution, ———- 
©) 4m ,L* 
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ANSWERS TO QUESTIONS 


Neon signs emit light in a bright-line spectrum, rather than in a 
continuous spectrum. There are many discrete wavelengths 
which correspond to transitions among the various energy 
levels of the neon atom. This also accounts for the particular 
color of the light emitted from a neon sign. You can see the 
separate colors if you look at a section of the sign through a 
diffraction grating, or at its reflection in a compact disk. A 
spectroscope lets you read their wavelengths. 


One assumption is natural from the standpoint of classical 
physics: The electron feels an electric force of attraction to the 
nucleus, causing the centripetal acceleration to hold it in orbit. 
The other assumptions are in sharp contrast to the behavior of 
ordinary-size objects: The electron's angular momentum must 
be one of a set of certain special allowed values. During the 
time when it is in one of these quantized orbits, the electron 
emits no electromagnetic radiation. The atom radiates a photon 
when the electron makes a quantum jump from one orbit to a 
lower one. 


If an electron moved like a hockey puck, it could have any arbitrary frequency of revolution around 
an atomic nucleus. If it behaved like a charge in a radio antenna, it would radiate light with 
frequency equal to its own frequency of oscillation. Thus, the electron in hydrogen atoms would 
emit a continuous spectrum, electromagnetic waves of all frequencies smeared together. 


(a) Yes—provided that the energy of the photon is precisely enough to put the electron into one 
of the allowed energy states. Strangely—more precisely non-classically—enough, if the 
energy of the photon is not sufficient to put the electron into a particular excited energy 
level, the photon will not interact with the atom at all! 


(b) Yes—a photon of any energy greater than 13.6 eV willionize the atom. Any "extra" energy 
will go into kinetic energy of the newly liberated electron. 


An atomic electron does not possess enough kinetic energy to escape from its electrical attraction to 
the nucleus. Positive ionization energy must be injected to pull the electron out to a very large 
separation from the nucleus, a condition for which we define the energy of the atom to be zero. The 
atom is a bound system. All this is summarized by saying that the total energy of an atom is 


negative. 
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Q42.6 


Q42.7 


Q42.8 


Q42.9 


Q42.10 


Q42.11 


Q42.12 


Q42.13 


Q42.14 


Q42.15 


2 2 2 
Ee " k,ee^ k,e 


From Equations 42.7, 42.8 and 42.9, we have -|F| 2 5 
r r 


=K+U,.Then K =|E| and 
U, - -2[]]. 


Bohr modeled the electron as moving in a perfect circle, with zero uncertainity in its radial 
coordinate. Then its radial velocity is always zero with zero uncertainty. Bohr's theory violates the 
uncertainty principle by making the uncertainty product ArAp, be zero, less than the minimum 


allowable i : 


Fundamentally, three quantum numbers describe an orbital wave function because we live in three- 
dimensional space. They arise mathematically from boundary conditions on the wave function, 
expressed as a product of a function of r, a function of 0, and a function of ¢. 


Bohr's theory pictures the electron as moving in a flat circle like a classical particle described by 
>) F = ma . Schrédinger’s theory pictures the electron as a cloud of probability amplitude in the 


three-dimensional space around the hydrogen nucleus, with its motion described by a wave 

equation. In the Bohr model, the ground-state angular momentum is 1h ; in the Schrödinger model 

the ground-state angular momentum is zero. Both models predict that the electron's energy is 

-13.606 eV 
n? 


limited to discrete energy levels, given by with n=1, 2,3. 


The term electron cloud refers to the unpredictable location of an electron around an atomic nucleus. 
It is a cloud of probability amplitude. An electron in an s subshell has a spherically symmetric 
probability distribution. Electrons in p, d, and f subshells have directionality to their distribution. The 
shape of these electron clouds influences how atoms form molecules and chemical compounds. 


The direction of the magnetic moment due to an orbiting charge is given by the right hand rule, but 
assumes a positive charge. Since the electron is negatively charged, its magnetic moment is in the 
opposite direction to its angular momentum. 


Practically speaking, no. Ions have a net charge and the magnetic force q(v x B) would deflect the 
beam, making it difficult to separate the atoms with different orientations of magnetic moments. 


The deflecting force on an atom with a magnetic moment is proportional to the gradient of the 
magnetic field. Thus, atoms with oppositely directed magnetic moments would be deflected in 
opposite directions in an inhomogeneous magnetic field. 


If the exclusion principle were not valid, the elements and their chemical behavior would be grossly 
different because every electron would end up in the lowest energy level of the atom. All matter 
would be nearly alike in its chemistry and composition, since the shell structures of all elements 
would be identical. Most materials would have a much higher density. The spectra of atoms and 
molecules would be very simple, and there would be very little color in the world. 


The Stern-Gerlach experiment with hydrogen atoms shows that the component of an electron's spin 
angular momentum along an applied magnetic field can have only one of two allowed values. So 
does electron spin resonance on atoms with one unpaired electron. 


Q42.16 


Q42.17 


Q42.18 


Q42.19 


Q42.20 


Q4221 


Q42.22 


Q42.23 


Q42.24 
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The three elements have similar electronic configurations. Each has filled inner shells plus one 
electron in an s orbital. Their single outer electrons largely determine their chemical interactions 
with other atoms. 


When a photon interacts with an atom, the atom's orbital angular momentum changes, thus the 
photon must carry orbital angular momentum. Since the allowed transitions of an atom are 
restricted to a change in angular momentum of A/ = £1, the photon must have spin 1. 


In a neutral helium atom, one electron can be modeled as moving in an electric field created by the 
nucleus and the other electron. According to Gauss's law, if the electron is above the ground state it 
moves in the electric field of a net charge of 42e -1e- «1e We say the nuclear charge is screened by 


the inner electron. The electron in a He* ion moves in the field of the unscreened nuclear charge of 
2 protons. Then the potential energy function for the electron is about double that of one electron in 
the neutral atom. 


Atlow density, the gas consists of essentially separate atoms. As the density increases, the atoms 
interact with each other. This has the effect of giving different atoms levels at slightly different 
energies, at any one instant. The collection of atoms can then emit photons in lines or bands, 
narrower or wider, depending on the density. 


An atom is a quantum system described by a wave function. The electric force of attraction to the 
nucleus imposes a constraint on the electrons. The physical constraint implies mathematical 
boundary conditions on the wave functions, with consequent quantization so that only certain wave 
functions are allowed to exist. The Schródinger equation assigns a definite energy to each allowed 
wave function. Each wave function is spread out in space, describing an electron with no definite 
position. If you like analogies, think of a classical standing wave on a string fixed at both ends. Its 
position is spread out to fill the whole string, but its frequency is one of a certain set of quantized 
values. 


Each of the electrons must have at least one quantum number different B t z |LI-42h 
from the quantum numbers of each of the other electrons. They can differ 
(in m,) by being spin-up or spin-down. They can also differ (in /) in 
angular momentum and in the general shape of the wave function. Those 
electrons with ¢=1 can differ (in m,) in orientation of angular 


momentum—look at Figure Q42.21. 


FIG. Q42.21 


The Mosely graph shows that the reciprocal square root of the wavelength of K, characteristic x- 


rays is a linear function of atomic number. Then measuring this wavelength for a new chemical 
element reveals its location on the graph, including its atomic number. 


No. Laser light is collimated. The energy generally travels in the same direction. The intensity of a 
laser beam stays remarkably constant, independent of the distance it has traveled. 


Stimulated emission coerces atoms to emit photons along a specific axis, rather than in the random 
directions of spontaneously emitted photons. The photons that are emitted through stimulation can 
be made to accumulate over time. The fraction allowed to escape constitutes the intense, collimated, 
and coherent laser beam. If this process relied solely on spontaneous emission, the emitted photons 
would not exit the laser tube or crystal in the same direction. Neither would they be coherent with 
one another. 
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Q42.25 


(a) 


(b) 


The terms “I define" and “this part of the universe" seem vague, in contrast to the precision 

of the rest of the statement. But the statement is true in the sense of being experimentally 

verifiable. The way to test the orientation of the magnetic moment of an electron is to apply 

a magnetic field to it. When that is done for any electron, it has precisely a 50% chance of 

being either spin-up or spin-down. Its spin magnetic moment vector must make one of two 
S, 1/2 


allowed angles with the applied magnetic field. They are given by cos 0 = S Jh and 
-1/2 me P 
cos 0= Bp . You can calculate as many digits of the two angles allowed by “space 


quantization” as you wish. 


This statement may be true. There is no reason to suppose that an ant can comprehend the 
cosmos, and no reason to suppose that a human can comprehend all of it. Our experience 
with macroscopic objects does not prepare us to understand quantum particles. On the 
other hand, what seems strange to us now may be the common knowledge of tomorrow. 
Looking back at the past 150 years of physics, great strides in understanding the Universe— 
from the quantum to the galactic scale—have been made. Think of trying to explain the 
photoelectric effect using Newtonian mechanics. What seems strange sometimes just has an 
underlying structure that has not yet been described fully. On the other hand still, it has 
been demonstrated that a "hidden-variable" theory, that would model quantum uncertainty 
as caused by some determinate but fluctuating quantity, cannot agree with experiment. 


SOLUTIONS TO PROBLEMS 


Section 42.1 
P421 (a) 
(b) 


Atomic Spectra of Gases 


Lyman series i-i) n, —2, 8, 4, ... 
i 
— = - (1097 x107) jt: n, =5 
A 94.96 x 107 n; 
Paschen series: T R LE nj; —4, 5, 6, ... 
A 3^ n; 


The shortest wavelength for this series corresponds to n; =œ for ionization 
4 1097x107 Ell 
À 9 ni 
For n; =œ, this gives 2 = 820 nm 


This is larger than 94.96 nm, so this wave length 
cannot be associated with the Paschen series |. 


Balmer series: Le ERES n;=3,4,5,... 
A 2 nj 
1 J1 1 ; dp NT 
EE 1.097 x 10 Pec] with n; =œ for ionization, Amin 2365 nm 
nj 


Once again the shorter given wavelength | cannot be associated with the Balmer series |. 


P422 (a) 
(b) 
Section 42.2 
P423 (a) 
(b) 
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Amin Ş i 
Emax 
1240 eV- 
Lyman (n; =1): dine ee Sor oenanl | AOI 
|lE| ^ 136eV 
1240 eV- 
Balmer (1, = 2): EE SN SE m UU 
IE,|  (1/413.6 eV 
Paschen (n; = 3): Amin 7.732 (91.2 nm)- | 821 nm (Infrared) 
Bracket (n; = 4): Amin 7.7 4 (91.2 nm) =| 1460 nm (IR) 
E max a a 
Amin 
Lyman: Emax =| 13.6 eV |(=|E,|) 
Balmer: Emax =| 3.40 eV |(=|E,)) 
Paschen: Emax =| 1.51 eV |(=|Es|) 
Brackett: ^ E, =| 0.850 eV |(=|E,)) 


Early Models of the Atom 


For a classical atom, the centripetal acceleration is 


v 1 e 
a= 
r Aner m, 
E e m,o? E e 
4z €yr 2 87 er 
2 2:5 2 2 2 
dE e dr -1 ea —e e 
SQ = 23 $7 3 2 
dt 8zeyr^dt 6zey c 6r € c° | 4r eor “m, 
E 
Therefore, . 
dt 127° e r?m2c? 
0 T 1272 e2 m?c? r? 2.00x10™ 
m” cg mic? r 
E fizz? e r?m?c?dr - e* | dt E =T= 
2.00x107 m 0 E 31, 


FIG. P42.3 


8.46x10 1? s 


Since atoms last a lot longer than 0.8 ns, the classical laws (fortunately!) do not hold for 


systems of atomic size. 
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P42.4 (a) The point of closest approach is found when 


k 
E-K4U 204 ffA 
TY 


o. né k,(2e)(79e) 
E 
2 
(8.99 10° N-m?/C? 158)(1.60 107? C) = 
Trin = 13 =| 5.68x10 "mj. 
(4.00 MeV)(1.60x10™ J/MeV) 
(b) The maximum force exerted on the alpha particle is 
2 

8.99 x10? N-m?/C?}(158)(1.60 x 10 ? C 

| Kelala = | i / ) : ) =| 11.3 N | away from the 
Tmin 5.68 x107 m 

nucleus. 


Section 42.3 Bohr’s Model of the Hydrogen Atom 


P42.5 (a) 9, =, 


where  r, =(1)7 a) =0.005 29 nm=5.29x 107" m 


(8.99x10° N-m?/C?\(1.60x10 C) 


" 2 6 
i (9.11 x10 kg)(5.29x10™ m) [219x10° nys | 


b K, 2 lm,v2-l(o31«10! kg)(2.19 x 10° m/s) =2.18x 10-8 J= 13.6 eV 
15701 7 8 


ke (899x10° N-m?/C?)(160x10® cJ 
n" 5.20x10 m 


(c) U; = = -4.35 x10 7? J =| -27.2 eV 


ni n ; 
Where for AE >0 we have absorption and for AE <0 we have emission. 


P426 — AE-(136 UE » a 


(i) for n; =2 and n; 25, AE=2.86 eV (absorption) 
(ii) forn;-5andmn,-3, AE--0.967 eV (emission) 
(iii) for n;-7 and n, -4, AE--0.572eV (emission) 


(iv) forn;-4andmn,-7, AE=0.572 eV (absorption) 


il. 


m. 


h F : ] us 
a E- id so the shortest wavelength is emitted in transition 
1 g 


m. 


(b) The atom gains most energy in transition 


(c) The atom loses energy in transitions | ii and iii |. 
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P427 (a) r2 = (0.0529 nm)(2)? =| 0.212 nm 


-31 dh. c pna EU 
GE sue [Ee : ee kg)}(8.99 x10” N-m?/C?(1.60 x10 C) 


0.212 x10? m 


m,0, -|995x10 ? kg-m/s | 


(c) L,-m,vjr, - (995x107 kg-m/s](0.212 10? m)-| 21110 * kg-m^ /s | 


(m.v)?  (995x1075 kg.mjs)" 
2m, — X911x10? kg) 


—-543x10 P? J=] 3.40 eV 


1 
(d | Ky=5m,03 = 


ke — (89910? N-m?/c? (160x107? CJ" 
no 0.212x10? m 


(e) U, = =-1.09 x10 55 J =| 26.80 eV 


(f) E, = K, +U, 23.40 eV — 680 eV =| -3.40 eV 


-13.6 eV 
P42.8 We use E, uad 
n 
To ionize the atom when the electron is in the n™ level, 
13.6 eV 


it is necessary to add an amount of energy givenby — E--E,- 


(a) Thus, in the ground state where n 2 1, we have | E- 13.6 eV |. 


E- 13.6 eV E 
9 


(b) In the n =3 level, 1.51 eV |. 


nj n? 6 


pa29 œ d -x Tad iora m( 5-4) so [4-410 nm 


hc (6.626 x10 J-s](3.00x 10° m/s) 


(a) E-—- 4 -485x10 ? J=| 3.03 eV 
A 410 x10 m 
8 
(fh =O [732x104 Hz 
A 410x107 
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P42.10 


P42.11 


P42.12 


P42.13 


— 1 ke? 
Starting with —m,v* = 
2 2r 
k,e 
we have p? =—2 
m,r 
; n^n? 
and using Ta = 5 
meke 
k,e? 
: 2 e. 
gives Up = 
i "m, n^h? [m,k,e?) 
k,e? 
or Ü= ; 
nh 


Each atom gives up its kinetic energy in emitting a photon, 


jel eg (6.626 x 10 J-s)(3.00 x 10° m/s) _ eee 
2 A (1.216 x107 m) 


4.42 x10* m/s |. 


is 
Il 


The batch of excited atoms must make these six transitions to get back to state one: 2 1, and also 
3— 2 and 35 1, and also 43 and 4 2 and 4— 1. Thus, the incoming light must have just 
enough energy to produce the 1— 4 transition. It must be the third line of the Lyman series in the 
absorption spectrum of hydrogen. The absorbing atom changes from energy 


Lao e c dd aou EE E eY L -0.850 eV, 


E; = 12 2 


so the incoming photons have wavelength 


6.626 x 10™ J-s(3.00 x 10° m/s 
qucd l I 's)(_1.00 eV — |=9.75x108 m=[975 nm |. 
EgSE —0.850 eV —(-13.6 eV) 1.60x10 ^ 
(a) The energy levels of a hydrogen-like ion whose charge number ;-o00. 0 
is Z are given by 
2 n=5 -2.18 eV 
psc. ai Pod 
H n-3 —6.04 eV 
Thus for Helium (Z = 2), the energy levels are 
n-2 -13.6 eV 
pongo tq a eee 
n 
(b) For He*, Z = 2, so we see that the ionization energy (the n=1 —544 eV 
energy required to take the electron from the n =1 to the n — oo 
inv FIG. P42.13 
-13.6 eV 2)" 
Bp ppt NA IIO 


ay 


*P42.14 


P42.15 


(b) 


(b) 


(c) 


1 1 


2 


wavelength, 4,, to n; =n, +1. 


2 
T As ny 
Divide (1) and (2): —-1- 
Ay ne +1. 


n 
feat ae i! AOI c Shi snp =A 
ny tl À; 63.3 nm 


A,R (22.8 10? m)(1.097 x 10” m) 


S 


n? 2 
From (1): Z=,/— = s - 8.00. 
H 


Hence | the ion is O”* |. 


-1 
A= (7.020 8x 10° m) ME UU 
4' (4+k) 


Setting k 2 2, 3, 4 gives 42 | 41.0 nm, 33.8 nm, 30.4 nm |. 


24r 2a(3.84x10° m) 
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The speed of the moon in its orbit is v — B =1.02x 10? m/s. 


T 2.36 x10° s 


So, L = mor - (7.3610? kg](1.02x10° m/s)(3.84x 10° m) = 


We have L=nh 
L 289x10* kg.m?/s - 
h 1.055 x 1074 J-s 


274x108 |. 


or 


1/2 
We have nh-L-mvr- (S r, 
r 


2 2 v" 
h lp ag A.D R n*R 2n41 
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—-Z^Ry E - +) . The shortest wavelength, 4,, corresponds to n; = , and the longest 


(1) 


(2) 


2.89 x 10** kg-m*/s |. 


so qu 
m^GM, r n?R n? 


which is approximately equal to Pm 7.30x10 9 |. 
n 
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Section 42.4 The Quantum Model of the Hydrogen Atom 


P42.16 


P42.17 


The reduced mass of positronium is less than hydrogen, so the photon energy will be less for 
positronium than for hydrogen. This means that the wavelength of the emitted photon will be 
longer than 656.3 nm. On the other hand, helium has about the same reduced mass but more charge 
than hydrogen, so its transition energy will be larger, corresponding to a wavelength shorter than 
656.3 nm. 

All the factors in the given equation are constant for this problem except for the reduced mass 
and the nuclear charge. Therefore, the wavelength corresponding to the energy difference for the 
transition can be found simply from the ratio of mass and charge variables. 


m,m 
For hydrogen, u=—=— =m, The photon energy is AE = E4 — E}. 
m, m, 
Its wavelength is A= 656.3 nm, where -— n. 
f ^E 
(a) For positronium, u= tee LAT 


m+m, 2 


so the energy of each level is one half as large as in hydrogen, which we could call 
"protonium". The photon energy is inversely proportional to its wavelength , so for 


positronium, 
Az = 2(656.3 nm) =| 1.31 um | (in the infrared region). 
(b) For He*, Lus m,, q, =e, and q, - 2e, 
so the transition energy is 2? = 4 times larger than hydrogen. 
Then, Ax = (=) nm=| 164 nm | (in the ultraviolet region). 
ho. h 
(a) AxAp 2— soif Ax r, ApZ| — |. 
2 2r 
2 N 2 
(b) Choosing ipa”, ne £i P) f 5 
r 2m, 2m, 2m,r 
EM 2 2 
U= K ,soE=K+U~ =e 5 mae ; 
2m T 
(c) To minimize E, 
dE | m ke n? 
y £ =0>r= z = | (the Bohr radius). 
dr mgr r m,k,e 


2 292 2 2.4 
Then, E- 7 e | e (te j-i =| -13.6 eV |. 
m, 


Section 42.5 The Wave Functions of Hydrogen 


P42.18 


P42.19 


P42.20 


P42.21 


l elm (Bq. 42.22) v o) 
za 


Wis (r) Iz 
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2 
P,.(r)= pev (Eq. 42.25) 
0 


(a) fly av = Az fly? rar = [s nmm 
0 zag Jo 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
a 


0=0.0529 nm ^ 


2 oo 
Using integral tables, fly av = ders [^ *ügr 5 J | a 
49 


so the wave function as given is normalized. 


39/2 1 3a /2 
O) — Piuw2c4 | rwr [s [rely 
29/2. Tag a, /2 


Again, using integral tables, 


2 
ap 


2 2 3a9/2 2 , 2 
Pao 2-938 2 = 777 erho] r? + agr+—2 : e? 780 e 5 
ü 29/2. 0 
0 


1 1 r —r[2a 
y =-= e 
V3 (22,) ^ Ag 


2 
so P, =4rr’y?|= Ar? r etla, 
Set E 4r? 4 74 AE e "Io |=0. 
dr 24a) m 


Solving for r, this is a maximum at | r = 4a, |. 


1 2dy -2 


= -r/o -r/o Ls. 
y =-= e" e V 
4728 rdr ydus rdo 
dw 1 E M R (1 2 e T 
dr? Py is 2m, ag rag Az er 
Ah? (4z © 
But ay = ( ©) 
me 
e 
so -——— = 
87 Eq dg 
2 
or p. kee . 
24g 


This is true, so the Schródinger equation is satisfied. 


4 


| 


pore 
| 
A 


0.497 |. 
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P42.22 The hydrogen ground-state radial probability density is 


2 4r? 2r 
P(r)- Az r? |y, - t epl -24| : 
Ag Ag 


The number of observations at 2a, is, by proportion 


74a, [4 


2 
P(2 2 
N-1099 2240). _ 1 ogg 09). 67 7 
P(ao/2) (ay/2) € "^? 


-1000(16)e? =| 797 times |. 


Section 42.6 Physical Interpretation of the Quantum Numbers 
Note: Problems 17 and 25 in Chapter 29 and Problem 68 in Chapter 30 can be assigned with this section. 


P42.23 (a) In the 3d subshell, 1 23 and /-2, 


we have n 3 3 3 3 3 3 3 3 3 3 
£ 2 2 2 2 2 2 2 2 2 2 
m, +2 +2 +1 +1 0 0 -1 -1 -A -2 


m, 112 -12 41/2 -1/2 +1/2 -1/2 +1⁄2 -V2 +1/⁄2 -1/2 
(A total of 10 states) 


(b) In the 3p subshell, 1 23 and /-1, 


we have n 3 3 3 3 3 3 
L 1 1 1 1 1 1 
m, +1 +1 +0 +0 -1 -1 


m, 412 -12 41/2 -1/2 +1/2 -1/2 


(A total of 6 states) 


P42.24 (a) For the d state, /-2, L=| V6ħ |2258x10^* J.s. 


(b) For the f state, /=3, L=/e(¢+1)n=| V12h |=3.65 x10 J-s. 
6.626 x 10% 
P4225 — L-.J(t-1)h: 4714x107 9 e +1) e 
(£1) x 4 i 2 | 


2 
(4714x10*) (27) , 
(£41) ;— = 1.998 x 10! = 20 = 4(4 +1) 
(6.626 x10) 


SO £24. 


P42.26 


P42.27 


The 5th excited state has n 26, energy 


The atom loses this much energy: 


to end up with energy 


which is the energy in state 3: 
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-13.6 eV 
36 
hc (6626x107 J.s (3.00 x 10° m/s) 


A (1090x107? m)(1.60x10™ J/ev) 114 eV 


=-0.378 eV . 


—0.378 eV - 1.14 eV = -1.52 eV 


13.6 eV 
33 


=-1.51 eV. 


While n=3, ¢ can be as large as 2, giving angular momentum J +1)n=| V6n |. 


(a) n=1: For n=1, £=0, m, 
n L m, 
1 0 0 
1 0 0 


Yields 2 sets; 2n* = 20)? =| 2 


(b) n=2: For n=2, 


we have 
n L m, 
2 0 0 
2 1 -1 
2 1 0 
2 1 1 
yields 8 sets; 


0,m,=+ 


2n? = 2(2)" =[8 


Note that the number is twice the number of m, values. Also, for each / there are (2/+1) 


different m, values. Finally, / can take on values ranging from 0 to 1 -1. 


So the general expression is 


n-1 
number - $2(2/ 41). 
0 


The series is an arithmetic progression: 26-10-14... 


the sum of which is 


where a=2, d=4: 


(c) n=3:  2(1)+2(3)+2(5)=2+6+10=18 2n? = 2(3)? =| 18 


(d) n 


Il 
A 


II 
O1 


(e) n 


2(1) + 2(3) + 2(5) + 2(7) = 32 2n? =2(4) =| 32 


32 4 2(9) 2 324-18 250 


number = [a +(n- 1] 


number = 5 [4+ (n 1)4] -2n?. 


2n? = 2(5)? =| 50 
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P42.28 For a 3d state, n=3 and /-2. 

Therefore, L= J((£-1)h 2| Von |= 2.58 x 10 J-s 

m, can have the values —2, -1, 0, 1, and 2 

SO L, can have the values — 2h, —h, 0, hand 2h |. 

: . L, 
Using the relation cos @ = LL 
we find the possible values of 0 145°, 114°, 90.0°, 65.9°, and 35.3? |. 
m 1.67 x10 7 kg 7 3 

P42.29 (a) Density of a proton: pene =| 3.99x10” kg / m’ |. 


V (4/3)a(1.00 x107 m)? 


1/3 

3m Y^? 3(9.11 x10! kg) = 
(b) Size of model electron: r= = =|817x10°% m 

Amp 4n(3.99 x10” kg/m?) 

2 
(c ^ Moment of inertia: I- Sm? = zn x10? kgJ(817 x10 7 m) 2243x109 kg -m? 
Loto cho. 
2 F 


6.626 x10 ^ J-s\(8.17 x10" m 
Therefore, v= Ts ( I ) =| 1.77 x10” m/s |. 
21 — 2z(2x243x10 9 kg-m?) 


(d) This is | 5.91x 10? times larger | than the speed of light. 


P42.30 In the N shell, 124. For n=4, / can take on values of 0, 1, 2, and 3. For each value of ¢, m, can be 


—f to £ in integral steps. Thus, the maximum value for m, is 3. Since L, = m,h , the maximum 


value for L, is L, =| 3h |. 


P42.31 The 3d subshell has / 2 2, and n=3. Also, we have s=1. 


Therefore, we can have | n=3, (22; m, 2 2, -1,0,1, 2; s- 1; and m, 2-1,0,1 


leading to the following table: 


n 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
£ p 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
m, 2 -2 -2 -1 -1 -i 0 0 0 1 1 1 2 2 2 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
m -1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1 


Section 42.7 


P42.32 


P42.33 


P42.34 


*P42.35 


(a) 1s? 25? 2p* 


(b) For the 1s electrons, 


The Exclusion Principle and the Periodic Table 


n=1, ¢=0, m,=0, 


For the two 2s electrons, n=2,¢=0,m,=0, 


For the four 2p electrons, n=2; €=1; m, =-1,0, or 1; and 


+ 


n 
I 
+ 


E 


+ 
NIP Nje Nje 
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and E 
2 
and SY 
2 
1 
or -—. 
2 


The | 4s subshell fills first | , for potassium and calcium, before the 3d subshell starts to fill for 


scandium through zinc. Thus, we would first suppose that [Ar Bd ^4s? would have lower energy 


than [Ar]3d ? 4s! . But the latter has more unpaired spins, six instead of four, and Hund's rule 


suggests that this could give the latter configuration lower energy. In fact it must, for [Ar]3d 54s! is 


the ground state for chromium. 


Electronic configuration: Sodium to Argon 
[1s*2s”2p° | 43s! > Na" 

43s? E Me” 

43s?3y! > AI? 

33s?3p? E si 

43s?3p? > pt? 

43s?3p* = gió 

48s? 3p? E aud 

43s?3yp* > Ar” 
[15 25? 2p53s?3p* ls! > K” 


In the table of electronic configurations in the text, or on a periodic table, we look for the element 
whose last electron is in a 3p state and which has three electrons outside a closed shell. Its electron 


configuration then ends in 3s?3p! . The element is 


aluminum |. 
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P42.36 (a) For electron one and also for electron two, n=3 and /-1. The possible states are listed 
here in columns giving the other quantum numbers: 


election ae E ae eee 


electron| m, | m m, 


electron] m, | 0 | ERLEENERCIEIEICICIEIEICIEIES 


electron m, | m, 2 


two 


There are thirty allowed states, since electron one can have any of three possible values for 
m, for both spin up and spin down, amounting to six states, and the second electron can 


have any of the other five states. 


(b) Were it not for the exclusion principle, there would be | 36 | possible states, six for each 


electron independently. 


P42.37 (a) n+l 1 2 3 4 5 6 7 
subshell |1s 2s 2p, 3s 3p, 4s 3d,4p,5s |4d,5p,6s |4f, 5d, 6p,7s 


(b) Z=15: Filled subshells: 1s, 2s, 2p, 3s 
(12 electrons) 
Valence subshell: 3 electrons in 3p subshell 
Prediction: Valence =+3 or -5 
Element is phosphorus, Valence =+3 or —5 (Prediction correct) 
Z-47: Filled subshells: 1s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s 
(38 electrons) 
Outer subshell: 9 electrons in 4d subshell 
Prediction: Valence - -1 
Element is silver, (Prediction fails) ^ Valence is +1 
Z=86: Filled subshells: 1s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s, 
4f, 5d, 6p 
(86 electrons) 
Prediction Outer subshell is full: inert gas 
Element is radon, inert (Prediction correct) 


P42.38 Listing subshells in the order of filling, we have for element 110, 
1s*2s*2p°3s73p° 4s? 3d 4p$ 5s? 449 55 652 4f 5419 6567525 f gg. 
In order of increasing principal quantum number, this is 


1s?25? 2p5 3s? 3p 3d? 45? 4p° 4419 4 £14 55255654105 (11652 6p° 6d8752 
p p p p p 
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*P42.39 In the ground state of sodium, the outermost electron is in an s state. This state is spherically 
symmetric, so it generates no magnetic field by orbital motion, and has the same energy no matter 


whether the electron is spin-up or spin-down. The energies of the states 3p T and 3pJ above 3s are 


hc hc 
hf,  — and hf, = —. 
if y and hf, A 


The energy difference is 


1 1 
2ugB = m-i] 


1 Ay 
pete (11 (6.63 x 10 J-s)(3 x 10° y 1 i 
so = 
2uplA, Az 2(9.27x107* j/T) 588.995x10 ^ m 589.592 x10? m 


B=|18.4T |. 


Section 42.8 More on Atomic Spectra: Visible and X-ray 


P42.40 (a) n=3, €=0,m,=0 


n=3, €=1,m,=-1,0,1 


For |n=3, €=2, m, 2-2, -1,0, 1, 2 


Z*E. A136) 
n? 3? E 


V 31.1; V 310; W311 have the same energy since n is the same. 


(b) V 399 Corresponds to Eso; 


—6.05 eV |. 


V 32.27 V 32.1; V 3207 V 321; W322 have the same energy since n is the same. 


All states are degenerate. 


P4241 Ea env: (6.626 x 10™ J.s (3.00 10° m/s) 
4 (10.0 x10? m) 


3 (1.60 x 10-” Jav 


AV =| 124 V 


P42.42 Some electrons can give all their kinetic energy K, = eAV to the creation of a single photon of x- 


radiation, with 
hc 
hf =—=eAV 
f A 


he (6.6261x10™ J-s\(2.9979x10° m/s) [1240 nm-V 


eAV (1.602 2x10? Cav AV 
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3 


2 4 
P42.43 E, 502-1) (136 eV)=171x10 


Following Example 42.9 


f=414x10" Hz 
4 =| 0.0725 nm |. 


and 


hc 1240eV-nm _ 1.240 keV-nm 
A a a 
A, =0.0185 nm, E=67.11 keV 


Az = 0.0209 nm, E=59.4 keV 
Az =0.0215 nm, E=57.7 keV 


The ionization energy for the K shell is 69.5 keV, so the ionization 
energies for the other shells are: 


P42.44 ES 


For 


eV 2274x107 J 


0 
-2.39 keV 


—10.1 keV 
-11.8 keV 


N shell 


M shell | 
L shell — 


1 
ye Kg Ka 


K shell —69.5 eV 


FIG. P42.44 


L shell = 11.8 keV M shell = 10.1 keV 


N shell = 2.39 keV |. 


P42.45 


The K, x-rays are emitted when there is a vacancy in the (n =1) K shell and an electron from the 


(1 23) M shell falls down to fill it. Then this electron is shielded by nine electrons originally and by 


one in its final state. 


13.6(Z —9)” 13.6(Z -1)° 
K E ) eV + ca ) eV 
À 3 1 


(6.626 x10 7* J.s (3.00 10° m/s) gi 


18Z 81 


+ 
9 


= (13.6 ev 3 


(0115210? mJ(1.60x107 J/eV) 
2 
8.17 x 10? eV = (13.6 Ez J 


87? 


so 601 = — -8 
9 


and Z=26 Iron |. 


Section 42.9 Spontaneous and Stimulated Transitions 


Section 42.10 Lasers 


+Z? azs) 
9 


hc 


P42.46 The photon energy is 


E, - E; = (20.66 -18:70) eV =1.96 eV =— 


(6.626 x 10 J-s}(3.00 x 10° m/s) 


633 nm |. 


1.96(1.60 x 10°” J) T 


E 0.117 eV 160x10 P CY 1J 


P42.47 2.82 x10 s7! 


f 


| 


=| 10.6 um 


fee 


infrared 


^h 6630x105 J.s e 1V.C 


c 300x10* m/s 
f 282x10P s 


# 


P42.48 


P42.49 


*P42.50 
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3.00 x 10? 
(a) I= Pa =| 4.24x10'° W/m? 


(1.00 x 10^? s) x(150 x10% m) | 


(0.600 x10” mJ 


(b) (3.00 10? J) =| 120x107? J [27.50 MeV 


(30.0 x10% mJ 


E=9At= (1.00 x 10° Ww)(1.00 x108 s) - 0.0100] 


6.626 x 10 ?* (3.00 x 10? 
2 eap I 5 loss ga 
A 694.3 x 107 


E 0.010 0 


E 286x102 - 


3.49 x 10'° photons 


-E; /(kg:300 K) 


(a) N; e Ne - e (Es-Ea)/(kp-300 K) _ e7"c/4(ks:300 K) 
N, Noe ee K) 
where 4 is the wavelength of light radiated in the 3 — 2 transition. 
N; _ í eso? Js(3xa0* mys) /(632.8x10° m)(1.38x10~ J/K)(300 K) 
2 
Ns 2759 - 107x109 
N, 
(b) Ny = e PET 
N, 
where the subscript u refers to an upper energy state and the subscript / to a lower energy 
state. 
S hc N : 
Since E, - E, = E photon = ES N, = @ WAT 
Thus, we require 1.02 = eh Mat 
(6.63 x 10?* J-s|(3x10* m/s) 
or In(1.02) = 5 ; 
(632.8 x10? m)(1.38x 10 J/K)T 
4 
LLL NN TERES 
In(1.02) 
A negative-temperature state is not achieved by cooling the system below 0 K, but by 
heating it above T = œ, for as T > œ the populations of upper and lower states approach 
equality. 
(c) Because E, — E, » 0, and in any real equilibrium state T >0, 
e PEST <1 and — N,«N,. 


Thus, a population inversion cannot happen in thermal equilibrium. 
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*P42.51 (a) The light in the cavity is incident perpendicularly on the D © 
mirrors, although the diagram shows a large angle of " : : 
incidence for clarity. We ignore the variation of the index SiO, 
of refraction with wavelength. To minimize reflection at 
a vacuum wavelength of 632.8 nm, the net phase FIG. P42.51 


difference between rays (1) and (2) should be 180*. There 
is automatically a 180? shift in one of the two rays upon 
reflection, so the extra distance traveled by ray (2) should 
be one whole wavelength: 


api 
n 
A _ 632.8 nm _ 217 nm 
2n 2(1.458) 


(b) The total phase difference should be 360°, including contributions of 180° by reflection and 
180° by extra distance traveled 


ee 
2n 
A 543 nm B 


4n 4(1458) 


93.1 nm 


Additional Problems 


*P42.52 (a) Using the same procedure that was used in the Bohr model of the hydrogen atom, we apply 
Newton’s second law to the Earth. We simply replace the Coulomb force by the 
gravitational force exerted by the Sun on the Earth and find 

MM v? 

Ss Me (1) 
r r 


G 


where v is the orbital speed of the Earth. Next, we apply the postulate that angular 
momentum of the Earth is quantized in multiples of fi: 


M,or =nh (n=1, 2, 3, ...). 


Solving for v gives 


nh 


= . 2 
r Mer @) 
Substituting (2) into (1), we find 
2,42 
ee nh (3) 
GM;M; 


continued on next page 
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(b) Solving (3) for n gives 
n - JGMsr LS ; (4) 
h 
Taking M; 1.99 x 10? kg , and M, =5.98x 10" kg , r 21.496 x10" m, 
G 26.67 x10 1! Nm?/kg? , and 4i 21.055 x 10™ Js , we find 


n=| 2.53 x10” 
(c) We can use (3) to determine the radii for the orbits corresponding to the quantum numbers 
nand n+1: 
2,2 2,2 
nh (n+1)"h 
ha ae and tet = oe 
GMgM£ GMgMg 
Hence, the separation between these two orbits is 
2 2 
Ar = — [en +1) -n?|= z DR +1). 
GMgMg GMsMẸ 


Since n is very large, we can neglect the number 1 in the parentheses and express the 
separation as 


h2 
~ GM,M2 


This number is much smaller than the radius of an atomic nucleus (~ 107" m) , so the 


Ar (2n)=|1.18x10® m |. 


distance between quantized orbits of the Earth is too small to observe. 


ap PB 1.60x 10^ C(6.63 x10 J-s)(5.26 2 N:& í kg-m 


*P42.53 (a =9.75x10” J 
v m, 2 (9.1110?! kg) T.C: m E) 


609 ueV 


(b) ksT - (138x107 J/K (80x10? K)- 110x107 J= 


AE 975x10?] | 
h 663x10™ J.s 
c | 3x10? m/s 
^f 147x105 Hz 


1.47 x10!! Hz 


(c) f= 


2.04x 10 m 


2 


*P42.54 ili = fn ' Pas 4 (2572r'lag dr L| _ 2r'? 2r' -2r'[üg 
: (a) Probability = [P(r )dr -—[r e dr' = +—+l1 le , 
a 49 fo 


r Or m 


using integration by parts, or Example 42.5 


Il 
WT UN 
E 
E 
N 
+ 
| 
` 
+ 
IO 
NR nA 
Q 
b 
A 
e 


continued on next page 


536 Atomic Physics 


(b) Probability Curve for Hydrogen 

1.2 

1 

& 08 
2 0.6 
= 0.4 
0.2 

0 

2 3 4 5 
r /üg 
FIG. P42.66 


(c) The probability of finding the electron inside or outside the sphere of radius r is i : 


2 
4 er xeu e "lo zi or z? - 2z ^ 22 e? where pat 
ao ag 2 Ao 


One can home in on a solution to this transcendental equation for r on a calculator, the 


result being r 2| 1.34a | to three digits. 


P42.55 . Let r represent the distance between the electron and the positron. The two move in a circle of 


radius 5 around their center of mass with opposite velocities. The total angular momentum of the 


electron-positron system is quantized to according to 


e mor mor y. 
2 2 
where 1)21:2,3, ies 
k,e? A 
For each particle, >’ F = ma expands to EE B PUR 
h ke?  2mn?n? 
We can eliminate v =~ to find £f o as 
r mr 
2n^n? 3 
So the separation distances are T x 5 2agn? (1.06 x10 my? : 
mk,e 


The orbital radii are ^ agn”, the same as for the electron in hydrogen. 


k 2 
The energy can be calculated from E=K+Uu= : mo? + : mo? ris : 
r 
Since mv” = ke E= kee” k,e? ke? -k,e? 6.80 eV 
2r 5 2r r 2r 4agn? n? 


P42.56 (a) The energy difference between these two states is equal to the energy that is absorbed. 


(136 eV) (-13.6 eV) 
4 1 


=10.2 eV =| 163 x10 55 J |. 


Thus, B=E,=E, = 


2(1.63 x 10715 J 
(b) Pe er or pose | ) =| 7.88 x10* K |. 
2 3kg 3(138x10 J/K) 


P42.57 


P42.58 
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212,4 
owes iu 1 : 2 
2h (n = 1) n 
f= 2z^mk2e| 2n-1 
h? (n-1}n? 
2a^mk2e^ 2 
As n approaches infinity, we have f approaching d » ef n 
The classical frequency is f- p. dene d 
TOM amp: Qum mg 
2,2 
where - A 
4z mk,e 
2a^mk?e^ 2 
Using this equation to eliminate r from the expression for f, f= = 
1 240eV- 
(a) The energy of the ground state is: E, a Eod C BEN 
A series limit 152.0 nm 
1240 nm. eV 
From the wavelength of the Lyman gline: £,-E, = uo ERAAN 
A 202.6 nm 
E, = E; +6.12 eV =| -2.04 eV |. 
1240 nm. eV 
The wavelength of the Lyman £ line gives: E} -E4 = He SU OB EV 
170.9 nm 
so E, =| —0.902 eV |. 
1240 nm-eV 
Next, using the Lyman yline gives: E,-E,= nae" =7.65 eV 
162.1 nm 
and E, =| —0.508 eV |. 
1240 nm-eV 
From the Lyman 6 line, E; -E = IE CONT 
158.3 nm 
so E; =| —0.325 eV |. 
1240 nm-eV 
(b) For the Balmer series, ae =E;-E,,or A= alias rel ee 
A E; - E; 
1240 nm. eV 
For the c line, E; = E; and so p —— =| 1090 nm |. 
(—0.902 eV) — (-2.04 eV) 


Similarly, the wavelengths of the £ line, yline, and the short wavelength limit are found to 


be: | 811 nm |, | 724 nm |, and | 609 nm |. 


continued 
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P42.59 


*P42.60 


P42.61 


(c) Computing 60.0% of the wavelengths of the spectral lines shown on the energy-level 
diagram gives: 


0.600(202.6 nm) =| 122 nm |, 0.600(170.9 nm) =| 103 nm |, 0.600(162.1 nm) =| 97.3 nm |, 
0.600(158.3 nm) =| 95.0 nm |, and 0.600(152.0 nm) =| 91.2 nm 


These are seen to be the wavelengths of the a, 2, y, and ólines as well as the short 
wavelength limit for the Lyman series in Hydrogen. 


(d) The observed wavelengths could be the result of Doppler shift when the source moves away 
from the Earth. The required speed of the source is found from 


f 1-(v/c 
P4. 50/6 a. wielding v=0.471c |. 
f A Ņ1i+(v/c) 
pog 
The wave function for the 2s state is given by Eq. 42.26: v ;.(r) = pce. 
442z ao ag 
(a) Taking r = aq =0.529 x10 m 
1 1 " 1/2 4-3/2 
we find s(49) = 2-1ļe "4 =| 1.57x10° m ?* |. 
Va) Fe IT z [2-1] 


2 


6) vasla) = (157x10 m3)" - [247x107 m? 


|’ -[&69x10* m^ 


(c) Using Equation 42.24 and the results to (b) gives Py, (ao) ^ 4 a4 lv js (Ag) 


From Figure 42.20, a typical ionization energy is 8 eV. For internal energy to ionize most of the 
atoms we require 
2 x8(1.60 x10 J) 


3(1.38 x10 J/K) 


~ between 104 K and 10° K |. 


Seg: 
2 


(a) (3.00x10° m/s)(14.0 x107? s) - 4.20 mm 


(b) E- “ = 286x107? J 


N= = See = 1.05 x 10? photons 


— 286x107? J 


() | V-(420 mn)|z(3.00 mm)” | =119 mm? 


1.05 x 10? 
1 
119 


8.82 x10!° mm ? 


P42.62 


*P42.63 


P42.64 


P42.65 


(a) The length of the pulse is AL =| cAt |. 


(b) The energy of each photon is E né so N= ees : 
" oL E, {che 
2 
(c) Ven ges E z (=) 
4 V cAtz d^ )\ he 
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The fermions are described by the exclusion principle. Two of them, one spin-up and one spin- 


down, will be in the ground energy level, with 


2 2 
Pech 2h snc eye Ke 
2 p 2L 2 2m 8mL 
The third must be in the next higher level, with 
L À h p? h2 
dyn =—=—,A=L,and p=— K=—e= : 
NN 7475 and p s DENS 
n? h? h? 3h? 
The total energy is then + + = i 
sd 8m? S8ml? 2ml? | 4m? 
2 dB, /dz 2 
Az- dt _1 F, p _ Hal zl (=) — pa eh 
2 2\ mo amp U 2m, 
dB, 2mo(Az)v2(2m,) 2(108)(1.66 x107 kg\(10° m)(10* m?/s?\(2x9.11x10™ kg) 
dz Ax^eh (1.00 m?)(1.60 x10 C)(1.05 x10 J-s) 
gn; =| 0.389 T/m 
dz 
-1/2 
We use var) =+(2203) "ae 
4 Ao 


2 2 
By Equation 42.24, P(r) - Axr?y? = (sp = s P 
üp 


2 2 
dP : a 
(a) (r) E 1 z 2 r 1 1 2 r = 2 r 1 eo! 20 
dr 8 ao ag ag ag ag ag ag ag 


ons “| 2-— | 2 2-- 2r t | T | eto, 
8\ a5 Ag Agoj go dg Ag 


The roots of T =0 atr=0,r=2a) and r 2o are minima with P(r)=0. 
r 


continued 
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P42.66 


P42.67 


2 
Therefore we require ET (s | 4 E | -0 
Ao Ag 
with solutions r= (3 +/5 Jay. 


We substitute the last two roots into P(r) to determine the most probable value: 


051 
When r= (3- V5 a, = 0.763 929, eee 
do 
When r - (3-- 45 Ja, - 5.2364, po) - 9191 
do 
Therefore, the most probable value of r is (3 +45 Jao =| 5.23649 |. 


oo oo 2 
b) — fP(r)ar =f (sf z) ULT 
0 


0 0 


Letu- Len dr — agdu, 


Ag 
[Poar = f+u?(4- 4u + u?)e™dr = jig - 4u? + Au? e "du - E t Au? +8u+ Ble =1 
5 9 99 8 0 
This is as required for normalization. 
hc 1240 eV.nm 
m X A TAR 2nd Excited T =y 100 eV 
1st Excited State- 1378 -1.00 eV 
=310nm, so AE, = 4.00 eV ; d | 
Ground State -— — —— -4.10 eV 
A, 2400 nm, AE, 2 3.10 eV a 200 
A, 21378 nm, AE, = 0.900 eV 
FIG. P42.66 


and the ionization energy = 4.10 eV. 


The energy level diagram having the fewest levels and consistent with these energies is shown at 
the right. 


With one vacancy in the K shell, excess energy 
2 1 1 
AE x -(Z -1)' (13.6 eV) ZH "I — 5.40 keV. 


We suppose the outermost 4s electron is shielded by 22 electrons inside its orbit: 


2 
Eionizati QUO EMIL ancy: 


ionization 4 2 


Note the experimental ionization energy is 6.76 eV. 


K - AE- E; & | 5.39 keV |. 


ionization 


P42.68 


P42.69 


P42.70 


P42.71 


(a) 


(b) 


(c) 
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The configuration we may model as | SN | | NS | has higher energy than | SN | | SN |. The 


higher energy state has antiparallel magnetic moments, so it has | parallel spins | of the 


oppositely charged particles. 


E- £ =9.42 x10 J=| 5.89 veV 


1.04x 107° eV 


AEA => so AE x 


1.055 x 10 ^* J-s | 1.00 eV ]- 
2(107 yr\(3.16x107 s/yr) 160x107 J 


[ro] 2 oo 
P= J BT eig, 2d [Zea where Ed 


P= -22 +2z+ 2\e* 


(a) 


(b) 


2.504, 40 5.00 49 


œ 


= EU + Z250 +10.0 + 2.00)e5 = (Zoos 74) =| 0.125 


5.00 


One molecule’s share of volume 


6 3 
ae V= mass per molecule " a g/mol 1.00 x10? m” |. 166x109 m? 
density 6.02 x10 molecules/mol 2.70 g 


aV =| 2.55x107 m~107! nm |. 


2 ; -6 3 
U: v-( zd. EE no DONA ac 
6.02x10^ molecules 189g 


W =| 2.76 x10? m~107 nm |. 


The outermost electron in any atom sees the nuclear charge screened by all the electrons 
below it. If we can visualize a single outermost electron, it moves in the electric field of net 
charge, +Ze- (Z - 1)e = +e, the charge of a single proton, as felt by the electron in hydrogen. 
So the Bohr radius sets the scale for the outside diameter of every atom. An innermost 
electron, on the other hand, sees the nuclear charge unscreened, and the scale size of its (K- 


shell) orbit is fo. 
Z 


AE - 2ugB = hf 


so 


and 


2(9.27 x10 J/T)(0.350 T) = (6.626 x 10™ J-s) f 


9.79 x10? Hz |. 


f 
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1 -1/2 1 = r -r[2a r -r[2a d yY -r[2a 2 r 
P4172. ya (n) —| | 2 Jett = Al 2-—_ leit c eU ea 
Y 


Ay ag Ag 2a? 
dy (Ae? V3 r 
dr? ao 2 4a 


Substituting into Schródinger's equation and dividing by Ae "^, we will have a solution if 


2 2 2 2 2 
h 2h 2k E 

5 ae i Td € yp Er 
4m,üij  üg 8m,a, m,agr r Ag 


n? 
Now with a, = = a this reduces to 
m,e^k, 


4,2 
mee ke 2-L |a gda- £1 
8h Ag Ag 


1 
This is true, so y js is a solution to the Schrödinger equation, provided E = rS — —3.40 eV. 


P42.73 (a) Suppose the atoms move in the +x direction. The absorption of a photon by an atom is a 
completely inelastic collision, described by 
NE ae PE. 
moj + —(-i)= moi so Brus. 


This happens promptly every time an atom has fallen back into the ground state, so it 
happens every 10 ? s = At. Then, 


duo h 6.626 x 10-4 J.s 


ü- = ~ ~|-10° m/s? |. 
At mAN — (107 kgJ(500x10? m)(10 s) / 
(b) With constant average acceleration, 
v? = v] + 2ax 0— (10? ms)" +2(-10° m/s?)ax 
(10? m/s) 
sO Ax ~ sa as Pa | a 1m. 
10 m/s 
[ro] 2 oo 
P42.74 -js e 27/4 : dr = : [re Ol) dr = : d j^ 1 
Ti 9 40 á 49 0 ag (2/ag) fo 


, and find that the average reciprocal value is | NOT | the 


1 2 
We compare this to L- = 
(r) 3a9/2 3a 


reciprocal of the average value. 
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ANSWERS TO EVEN PROBLEMS 


P42.2 


P42.4 


P42.6 


P42.8 


P42.10 


P42.12 


P42.14 


P42.16 


P42.18 


P42.20 


P42.22 


P42.24 


P42.26 


P42.28 


P42.30 


P42.32 


P42.34 


P42.36 


(a) 91.2 nm, 365 nm, 821 nm, 1.46 um; 
(b) 13.6 eV, 3.40 eV, 1.51 eV, 0.850 eV 


(a) 56.8 fm; (b) 11.3 N away from the 
nucleus 


(a) ii; (b) i; (c) ii and iii 

(a) 13.6 eV; (b)1.51 eV 

see the solution 

97.5 nm 

(a) O7*; (b) 41.0 nm, 33.8 nm, 30.4 nm 
(a) 1.31 um; (b) 164 nm 

see the solution 

440 

797 times 


(a) V6n = 2.58 x10 J.s; 
(b) VIZA = 3.65 x 10 J.s 


Von 


J6h; 2h, -h,0, h , 2h; 145°, 114°, 90.0°, 


65.9, 35.3? 
3h 


(a) 1s? 25? 2p*; 


(BER 1 2 2 2 2 2 2 
¿|0 0 0 O 1 1 1 1 
m |0 0 0 O0 1 1 04 

fa 11 11 11 1 
m, = 
3 a 2 a 2 2 2 


see the solution 


(a) see the solution; 
(b) 36 states instead of 30 


P42.38 


P42.40 


P42.42 


P42.44 


P42.46 


P42.48 


P42.50 


P42.52 


P42.54 


P42.56 


P42.58 


P42.60 


P42.62 


P42.64 


P42.66 


1s? 25? 2p6 3s? 3p$ 3d” 45? 4p6 44? 
4f 5s? 5p 5d 5 f 6s? 6p6 oq? 7s? 


(a) £20 with m, 20; @=1 with m, =1,0, 
or 1; and / 2 with m, — —2, -1, 0, 1, Z; 
(b) -6.05 eV 


see the solution 


L shell 11.8 keV, M shell 10.1 keV, N shell 
2.39 keV, see the solution 


see the solution 
(a) 4.24 PW/m?; (b) 1.20 pJ 2 7.50 MeV 


(a) 1.07 x 10.25; (b) -1.15 x 105 K; 
(c) negative temperatures do not describe 
systems in thermal equilibrium 


(a) see the solution; (b) 2.53 x 107*; 
(c) 118x109 m, unobservably small 


2 
(a) Probability = es + Ar + jets 
4) A 


(b) see the solution; (c) 1.34a,) 


(a) 10.2 eV =1.63 aJ; (b) 7.88x10* K 


(a) -8.16 eV, —2.04 eV, -0.902 eV, —0.508 eV, 
-0.325 eV; 

(b) 1 090 nm, 811 nm, 724 nm, 609 nm; 

(c) see the solution; (d) The spectrum 
could be that of hydrogen, Doppler shifted 
by motion away from us at speed 0.471c. 


between 10^ K and 10° K 


4EA 
Ata d?hc? 


(a) cat; (0) =; (c) 


0.389 T/m 


Energy levels at 0, —0.100 eV, —1.00 eV, and 
—4.10 eV 
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P42.68 (a) parallel spins; (b) 5.89 weV; P42.72 
(c) 104 x 10? eV 


P42.74 
P42.70 (a) diameter —10 ! nm for both; 
(b) A K-shell electron moves in an orbit 


a 
with size on the order of a 


see the solution 


—,no 
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Molecules and Solids 


Q43.1 


Q43.2 


ANSWERS TO QUESTIONS 


Rotational, vibrational and electronic (as discussed in 


Chapter 42) are the three major forms of excitation. Rotational 
2 


h 
energy for a diatomic molecule is on the order of ar’ where I is 


the moment of inertia of the molecule. A typical value for a 
small molecule is on the order of 1 meV - 10? eV. Vibrational 
energy is on the order of hf, where f is the vibration frequency 
of the molecule. A typical value is on the order of 0.1 eV. 
Electronic energy depends on the state of an electron in the 
molecule and is on the order of a few eV. The rotational energy 
can be zero, but neither the vibrational nor the electronic 
energy can be zero. 


The Pauli exclusion principle limits the number of electrons in 
the valence band of a metal, as no two electrons can occupy the 
same state. If the valence band is full, additional electrons must 
be in the conduction band, and the material can be a good 
conductor. For further discussion, see 043.3. 


The conductive properties of a material depend on the electron population of the conduction band 
of the material. If the conduction band is empty and a full valence band lies below the conduction 
band by an energy gap of a few eV, then the material will be an insulator. Electrons will be unable to 
move easily through the material in response to an applied electric field. If the conduction band is 
partly full, states are accessible to electrons accelerated by an electric field, and the material is a good 
conductor. If the energy gap between a full valence band and an empty conduction band is 
comparable to the thermal energy kgT, the material is a semiconductor. 


Thermal excitation increases the vibrational energy of the molecules. It makes the crystal lattice less 
orderly. We can expect it to increase the width of both the valence band and the conduction band, to 
decrease the gap between them. 
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Q43.5 


Q43.6 


Q43.7 


Q43.8 


Q43.9 


Q43.10 


First consider electric conduction in a metal. The number of conduction electrons is essentially fixed. 
They conduct electricity by having drift motion in an applied electric field superposed on their 
random thermal motion. At higher temperature, the ion cores vibrate more and scatter more 
efficiently the conduction electrons flying among them. The mean time between collisions is 
reduced. The electrons have time to develop only a lower drift speed. The electric current is 
reduced, so we see the resistivity increasing with temperature. 

Now consider an intrinsic semiconductor. At absolute zero its valence band is full and its 
conduction band is empty. It is an insulator, with very high resistivity. As the temperature increases, 
more electrons are promoted to the conduction band, leaving holes in the valence band. Then both 
electrons and holes move in response to an applied electric field. Thus we see the resistivity 
decreasing as temperature goes up. 


In a metal, there is no energy gap between the valence and conduction bands, or the conduction 
band is partly full even at absolute zero in temperature. Thus an applied electric field is able to inject 
a tiny bit of energy into an electron to promote it to a state in which itis moving through the metal 
as part of an electric current. In an insulator, there is a large energy gap between a full valence band 
and an empty conduction band. An applied electric field is unable to give electrons in the valence 
band enough energy to jump across the gap into the higher energy conduction band. In a 
semiconductor, the energy gap between valence and conduction bands is smaller than in an 
insulator. At absolute zero the valence band is full and the conduction band is empty, but at room 
temperature thermal energy has promoted some electrons across the gap. Then there are some 
mobile holes in the valence band as well as some mobile electrons in the conduction band. 


Ionic bonds are ones between oppositely charged ions. A simple model of an ionic bond is the 
electrostatic attraction of a negatively charged latex balloon to a positively charged Mylar balloon. 

Covalent bonds are ones in which atoms share electrons. Classically, two children playing a 
short-range game of catch with a ball models a covalent bond. On a quantum scale, the two atoms are 
sharing a wave function, so perhaps a better model would be two children using a single hula hoop. 

Van der Waals bonds are weak electrostatic forces: the dipole-dipole force is analogous to the 
attraction between the opposite poles of two bar magnets, the dipole—induced dipole force is 
similar to a bar magnet attracting an iron nail or paper clip, and the dispersion force is analogous to 
an alternating-current electromagnet attracting a paper clip. 

A hydrogen atom in a molecule is not ionized, but its electron can spend more time elsewhere 
than it does in the hydrogen atom. The hydrogen atom can be a location of net positive charge, and 
can weakly attract a zone of negative charge in another molecule. 


Ionically bonded solids are generally poor electric conductors, as they have no free electrons. While 
they are transparent in the visible spectrum, they absorb infrared radiation. Physically, they form 
stable, hard crystals with high melting temperatures. 


Covalently bonded solids are generally poor conductors, as they form structures in which the atoms 
share several electrons in the outer shell, leaving no room for conducting electrons. Depending on 
the structure of the solid, they are usually very hard and have high melting points. 


Metals are good conductors, as the atoms have many free electrons in the conduction band. Metallic 
bonds allow the mixing of different metals to form alloys. Metals are opaque to visible light, and can 
be highly reflective. A metal can bend under stress instead of fracturing like ionically and covalently 
bonded crystals. The physical properties vary greatly depending on the composition. 


Q43.11 


Q43.12 


Q43.13 


Q43.14 


Q43.15 


Q43.16 


Q43.17 
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The energy of the photon is given to the electron. The energy of a photon of visible light is sufficient 
to promote the electron from the lower-energy valence band to the higher-energy conduction band. 
This results in the additional electron in the conduction band and an additional hole—the energy 
state that the electron used to occupy—in the valence band. 


Along with arsenic (As), any other element in group V, such as phosphorus (P), antimony (Sb), and 
bismuth (Bi), would make good donor atoms. Each has 5 valence electrons. Any element in group III 
would make good acceptor atoms, such as boron (B), aluminum, (Al), gallium (Ga), and indium (In). 
They all have only 3 valence electrons. 


The two assumptions in the free-electron theory are that the conduction electrons are not bound to 
any particular atom, and that the nuclei of the atoms are fixed in a lattice structure. In this model, it 
is the "soup" of free electrons that are conducted through metals. The energy band model is more 
comprehensive than the free-electron theory. The energy band model includes an account of the 
more tightly bound electrons as well as the conduction electrons. It can be developed into a theory 
of the structure of the crystal and its mechanical and thermal properties. 


A molecule containing two atoms of ?H, deuterium, has twice the mass of a molecule containing 
two atoms of ordinary hydrogen 'H. The atoms have the same electronic structure, so the molecules 
have the same interatomic spacing, and the same spring constant. Then the moment of inertia of the 
double-deuteron is twice as large and the rotational energies one-half as large as for ordinary 


hydrogen. Each vibrational energy level for D; pt times that of H3. 


V2 


Rotation of a diatomic molecule involves less energy than vibration. Absorption of microwave 
photons, of frequency ~ 10' Hz, excites rotational motion, while absorption of infrared photons, of 
frequency —10P Hz, excites vibration in typical simple molecules. 


Yes. A material can absorb a photon of energy greater than the energy gap, as an electron jumps into 
a higher energy state. If the photon does not have enough energy to raise the energy of the electron 
by the energy gap, then the photon will not be absorbed. 


From the rotational spectrum of a molecule, one can easily calculate the moment of inertia of the 
molecule using Equation 43.7 in the text. Note that with this method, only the spacing between 
adjacent energy levels needs to be measured. From the moment of inertia, the size of the molecule 
can be calculated, provided that the structure of the molecule is known. 


SOLUTIONS TO PROBLEMS 


Section 43.1 Molecular Bonds 


2 
g? (160x107) (899510) 
(a) F= z= T N =| 0.921x10~ N | toward the other ion. 
Treyr (5.005107) 


2 — (160x107) (899 x10*) 
Aner 5.00 x 10-1? 


J =| -2.88 eV 
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P43.2 We are told K+C1+0.7 eV 2K* +Cl- 
and Cl+e CI +3.6 eV 
or Cl’ Cl«e -3.6 eV. 
By substitution, K+C1+0.7 eV >K*+Cl+e -3.6 eV 


K+43 eV>K* +e 


or the ionization energy of potassium is | 4.3 eV |. 


P43.3 (a) Minimum energy of the molecule is found from 
1/6 
aU — (24r? 4.6Br7 =0 yielding | rọ = EJ | 
dr B 
A B 1 1]B? |B? 
(b) E= Ul,- l2. 2/p2 | | = 
0 4A?/B? 2AJB 4 2}A |4A 


This is also the equal to the binding energy, the amount of energy given up by the two 
atoms as they come together to form a molecule. 


1/6 


2(0.124 x107? eV. m?) 
1.488 x 10-9 eV -m 


-742x10 !! m=| 74.2 pm 


=! (1.488 x 10° eV mJ" uS 
4(0.124 x107? eV. m") = 


*P43.4 (a) We add the reactions K + 434 eV > K* «e^ 
and I+e I +3.06 eV 
to obtain K«IoK" +I +(4.34-3.06) eV. 


The activation energy is | 1.28 eV |. 


13 7 
(b) ite! 122) +2) | 
dr oc r r 


13 7 
At r-ry we have ae =0 . Here (z) = Hz) 
dr To Tg 


2.275  g221/(0305)nm-|0.272 nm=c |. 
To 


Then also 


-1/6,, M2 -1/6 \® 
eae 2) E 2) LIE je E+E, 
To To 


e= E, —U(ry) 21.28 eV +3.37 eV =| 4.65 eV =e 


continued on next page 
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13 7 
(9 F(r) arie) (2) | 
dr [o T r 
A . dF 4e aye cy 
To find the maximum force we calculate 7 = 156 +42| —| |20 when 
roo r r 


2 
c 42, \¥6 
(S 


l'rupture 
4(4.65 eV 13/6 ue re 
Pe a zi 2 ) { ce zit ose Vina cd diee o Sm 
0.272 nm | 156 156 10? m 
= —6.55 nN 


Therefore the applied force required to rupture the molecule is | +6.55 nN | away from the 


center. 


r 12 6 Ae, A2 -1/6 V6 
(d) uns) =el] = | E Js 2) f | +E, 
To +s To +s To +s To +s 


| 2 2 
ae 1-254085 | Ele I adi: 
| 4 2 To To 


2 2 
-c-12 e+ +78 €^, -2e412e 2 - 42 e +E, +... 
To To To To 


2 
=- ese, («ao ae 
To 


U(r +s)=U(ro)+ je 


72e 72(4.65 eV) 5 
where k= = =3599 eV/nm^ =| 576 N/m |. 
BT sane /nm? =[576 N/m | 


P43.5 At the boiling or condensation temperature, k5T «10? eV 210? (1.6 x10 P J) 


es Fe (aaa 
1.38x10 7? J/K 


—10K |, 
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Section 43.2 Energy States and Spectra of Molecules 


mim, 132.9(126.9) 
m,-m, 1329-1269 


P436 u= (1.66 x10” kg) 2 108 x 10? kg 


I= ur? - (108x107? kg)(0.127 x10? mJ 2174x109 kg.m? 


(a) iba Qe Jg «nag? 
2 2I 2I 


J «0 gives E=0 
2 
"m (6.626  10?* J-s) 
I Az? (174x109 kg-m?) 


J =1 gives E = =6.41x 10 J =| 40.0 ueV 


hf =6.41x10™ J-0 to f =| 9.66 x10" Hz 


E m h 
b =-= or If ris 10% too small, fis 20% too large. 
(0) f h h A4z?yur? : i 2 
P43.7 For the HCl molecule in the J =1 rotational energy level, we are given 
fo =0.1275 nm. 
h2 
Eg prb 
: i eee 20? h 
Taking J=1, we have Ban r= or @ = F AD 
The moment of inertia of the molecule is given by Equation 43.3. FIG. P43.7 
I- ur zl mm» I 


I- E u)(35 u) 


2 -27 -10 M __ -47 2 
Puce hi = (0.972 u (166x107 kg/u)(1.275 x10-" m) 2262x107 kg-m?. 


1.055 x 107% J.s 
2.62x10 "7 kg-m 


Therefore, œ = 2 : -42 =| 5.69x10” rad/s |. 


n? n? n? 
P43.8 hf = AE = —|2(241)|- —[1(141)|2 — (4 
f = AE == [2(2+1)]- 77 [10-«9]- 7760 
2 
4(h/2 -3 T. 
n: (h/2z) h _ 6620x10"]ps - 146x105 kg m? 


2hf 2x? f 2 (2.30 x 10" Hz) 


P43.9 


P43.10 


P43.11 
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I-mQ-mj where man, — mr» and tr, =F. 
Then r, = Maa so Mana +1) =1 and T, = iL: m 

mı mı mı +M, 
Also, r, = Mi, Thus, "t Uil, and "- I 

f» My mı +m 
I-m mir? n mynir? _ mymar (m; +m) mmr? ur? 

1 
(m, +m)” (m, +m)” (m, +m)” mı +m, 
22.99(35.45) -27 -26 

a -—— — ————l1.66 x10 ^" kg|2 2.32x10 ^ k 
Que oF 0225559549) s) ? 


I= ur? - (232x107 kg (0:280 10? m) - [181105 kg-m? 


2 2 2 2 2 2 
us gen ine lom 
22] 21 DOT T: Ae 


1 200 (3.00 10° m/s)4z? (181x109 kg-m?) 


=| 1.62 cm 
2h 2(6.626 x10™ Js) 
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h? : ; 
The energy of a rotational transition is AE = a J where J is the rotational quantum number of the 


higher energy state (see Equation 43.7). We do not know J from the data. However, 


nm (6.626 x10 J-s}(3.00x10° m/s)( — 1ev 
A A 1.60107? JJ 


For each observed wavelength, 


AE (eV) 
0.1204 0.010 32 
0.0964 0.012 88 


0.080 4 0.015 44 
0.069 0 0.018 00 
0.060 4 0.020 56 
2 


The AE’s consistently increase by 0.002 56 eV. E, = Z = 0.002 56 eV 


and I = 272x10” kg.m? |. 


2 
h2 (1055x107 J.s) Lev 
E,  (0.00256eV) (160x10]) 


-47 
For the HCI molecule, the internuclear radius is r= E = 4 v : aE m=0.130 nm. 
u .62 x 
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P43.12 


P43.13 


P43.14 


(a) Minimum amplitude of vibration of HI is 


[2 -34 13 
12 dne 4, [af (6926x107 J-s}(6.69x10"/s) _ PE 
5 kA* = 5 hf: A VE | 320 N/m 1.18x10 m=} 0.0118 nm |. 


(6.626 x 10-™ J.s (8.72. 1079/5) 


=7.72 x107" m=| 0.007 72 nm |. 
| 970 N/m 


Since HI has the smaller k, it is more weakly bound. 


(D For HE, A= 


PLL ECE (Ve Cen Rae 
m,+m, 36 


AE p =A ee (1.055 x 10!) ee =5.74x10° J =| 0.358 eV 
u 1.61 x 107 


(16 u)(16 u) 


a The reduced mass of the O, is u= 
(3) 2 AT aea] d6a) 


=8 u=8(1.66 x10” kg) - 1.33 107* kg. 


2 
The moment of inertia is then I = ur? =(1.33 x10 7 kg](1.20x10-" m)” 21.91 10 7 kg-m?. 


2 
"m (1.055 x10 J.s) 
The rotational energies are E,,, =—J(J+1)= " 2 

2I 2(1.91 x10 kg. m?) 


JU *1). 


Thus Exot = (291x107? JG +1). 


And for J=0, 1, 2, Eo =| 0, 3.64x 10% eV, 1.09 x 10? eV |. 


(D . Eg -fos hjé -(v+ ; (loss x107% J-s) ee 
2) Yu 2 8(1.66 x107 kg) 


1 -20 leV | 5) 
E,» =| 0+ (314x10 =(v+—|(0.196 ev 
( a) : Ngee) Pe a 


For v=0, 1, 2, | Ej, = 0.098 2 eV, 0.295 eV, 0.491 eV |. 


Chapter 43 553 


P43.15 In Benzene, the carbon atoms are each 0.110 nm from the axis and each hydrogen atom is 
(0.110 + 0.100 nm) = 0.210 nm from the axis. Thus, I = J, mr? : 


2 
1- 6(199 1075 kg)(0.110 x 10? mJ +6(1.67 x 107 kg)(0.210 x10? m) 21.8 x10 kg. m. 
The allowed rotational energies are then 


2 
"m T (1.055 x10 J.s) 
E 7 LJ*1)- 
d 2(189 x10 kg-m?) 


JU *1) - (2:95 x10 JG +1) - (184x105 eV)JQ +1) 


=| (18.4 ueV)J(J +1) where] =0, 1, 2, 3, ... 


rot 


The first five of these allowed energies are: E ot 2 0, 36.9 weV, 111 ueV, 221 weV, and 369 ueV . 


*P43.16 We carry extra digits through the solution because part (c) involves the subtraction of two close 
numbers. The longest wavelength corresponds to the smallest energy difference between the 
h2 
rotational energy levels. It is between J=0 and J=1 , namely T 


2 
A 5e he oar ie . If wis the reduced mass, then 


AEmn AA h 


I= ur? = (0427 46x10? m) =(1624605 x10? m?]u 


Ax ^ (1624 605 x 10 m?) (2.997 925 x108 m/s) " (1) 
P = = (2.901 830 x10* m/kg),0 
6.626 075 x 10 ™ J-s 


(1.007 825u)(34.968 853u) 
~ 1.007 825u + 34.968 853u 


(a) me = 0.979 593u —1.626 653 x 10 7 kg 


From (1): 43s - (2901830 x10? m/kg (1.626 653 x 107" kg) - | 472 m 


(1.007 825u)(36.965 903u) ee 
(b) mes = 0.981 077u = 1.629 118 x 1077 kg 
1.007 825u + 36.965 903u 


From (1): 45; = (2.901830 x10? m/kg (1.629 118 x 107" kg) =| 473 um 


(c) A37 — Ags = 472.742 4 um — 472.027 0 um =| 0.715 um 


2 


P43.17 hf = = m J where the rotational transition is from / -1 to J, 
m 


where f =6.42x10' Hz and I 21.46 x 10 66 kg m? from Example 43.1. 


anf 4x (146x105 kg. m? (6.42 x 10'°/s) 
AF 6.626 x10% J-s E 
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*P43.18 We find an average spacing between peaks by counting 22 gaps between 7.96 x 10? Hz and 
9.24x 10? Hz: 


9.24- 7.9610? H 2 
Af =! H0 Hz _ 0.058210" pz 1|." 
22 h\ Az?I 


-34 
eat OOS e a ga? 
4n*Af | 4225.82x10! /s 


*P43.19 We carry extra digits through the solution because the given wavelengths are close together. 


(a) Ey (eran 


1 3o R? 1,, 3}? 
“Eo, =—hf, E,, =—hf +—, Ep =—hf + 
00 2 if 11 2 if I 02 2 if I 
h2? mc (6-626 075x 10™ J.s (2.997 925 x10* m/s) 
B Eg Ego = hf + = = -6 
I A 2.2112x10% m 


2 
^ hf 7 - 8988 573x10” J (1) 


25? he (6.626075 x10 J.s (2.997 925 x10* m/s) 
roa 2.405 4x10 5 m 


Ej -Eo = hf 


2n? 


©- hf ~~ = 8.258 284 x 10” J (2) 


2 
Subtract (2) from (1): z =7.252 89 x10" J 


TERA 
3(1.054 573 x 10 J-s) T TENTE, 
- =| 4.60 x10 kg-m 


7.25289 x10” J 


(b) From (1): 
-34 2 
8.983 573 x 10°? J (1.054573 x 10 J-s) 
6.626 075 x 10 ?* J.s (4.600 060 x 1079 kg m? (6.626 075 x 1074 J. s) 


=| 1.32x10" Hz 


(c) I= ur? , where uis the reduced mass: 


u- Mn = 5 (1.007 825u) = 8.367 669 x10 75 kg. 


4. 10 * kg.m? 
p= pum. DDELAR]. 
u Y 8367669x1075 kg 
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P43.20 The emission energies are the same as the absorption energies, but the final state must be below 
(v 21, J 20). The transition must satisfy AJ = +1, so it must end with J — 1. To be lower in energy, it 
must be (v 20, J 2 1). The emitted photon energy is therefore 
hf photon m [Eas]. + E ot ha ) B (Eu, TE m = (Eus - ~ Eos = (Bg |e T Eolea) 
hf photon — Aviv — fik 


Thus, fphoton =f vib — frot = 6-42 x10 Hz - 1.15 x10" Hz -| 6.41 x 10? Hz |. 


PON ed DN E AE: -15 o 
P43.21 The moment of inertia about the molecular axisis I, = 5 mr^-4 5 mr“ = s m(2.00 x10 m) f 


2 2 
2 
The moment of inertia about a perpendicular axis is I, = "(3 * "(3 = (2.00 x10 1? m) 1 


2 
The allowed rotational energies are E ot = a J(J +1), so the energy of the first excited state is 
2 


h 
E, = ae The ratio is therefore 


E, (W/L) 1, _ (1/2)m(2.00 x 107° mJ : 5 ios E TCI 
Ez, y (n?/1,) I, (4/5)m(2.00 x107 mJ 8 


Section 43.3 Bonding in Solids 


P43.22 Consider a cubical salt crystal of edge length 0.1 mm. 


E 3 
The number of atoms is eer —10" |. 
0.261x10 ^ m 
3f 10% ; 
This number of salt crystals would have volume (10 m) a ~10° m? |. 
0.261x10 m 


If it is cubic, it has edge length 40 m. 


2 
ke? 1.60 x 107? 
P4328 irete h : (1747 6)(8.99 x 10°) | ) (1 J 1.25 x10 J =| -7.84 eV 
A m (0.281x10°) 8 
P43.24 Visualize a K* ion at the center of each shaded cube, a Cl ion at the center : \ 
of each white one. M \ Ne y 
The distance ab is 42(0.314 nm) =| 0.444 nm |. KX " M 
| NW 
Distance ac is 2(0.314 nm) =| 0.628 nm |. : N 0.314 nm 


2 
Distance ad is 2? «(v2) (0.314 nm) 2| 0.769 nm |. FIG. P43.24 
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2 2 2 2 2 2 2 2 
k,e^ ka Kee Ee k,ee^ kæ Kel Kel 


P43.25 U= 


r r 2r 2r 3r 3r 4r 4r 
2k,e? 1 1 1 ) 
1 + bn 
Y 2 3 4 
2 3 4 
But, In(1+x)=1 E po Eu 
2 3 4 
2 2 
so, U=- ARE In2, or} U= -k,a — where a - 21n2 |. 
T 
Section 43.4 Free-Electron Theory of Metals 
Section 43.5 Band Theory of Solids 
2 
2 2/3 6.626 x 10 ?* J-s 
P4326 Ep =! ES = | | 2 
2m 87 2(9.11 10?! kg)(1.60 x10"? J/eV) \ 8z 


Ep = (3.65 x10” n? > eV with n measured in electrons/ m^. 


FIG. P43.25 


2/3 
pe 


=5.80 x10% m”. 


2 2/3 
P43.27 The density of conduction electrons n is given by Ep = xai 
m\ 8a 
3/2 2(9.115 107?! kg)(5.48)(1.60 x10 J) f” 
T " =a ( are | 8x ( ES eK X PAIS JI 
e 2 E 
3A h 3 (6.626 x10™ J-s)? 
The number-density of silver atoms is 
n ag = (10.6 x 10° kg/m?) ma zu 2591x107 m”. 
8 108u A 1.66x10 7 kg 
f 5.80 : 
So an average atom contributes 59 0.981 electron to the conduction band |. 
I 2 
P43.28 (a) sme? - 705 eV 
2(7.05 eV(1.60x10 ? J/eV 
v= | E fev) =| 1.57x 10° m/s 
9.11x10 * kg 
(b) Larger than 10^ m/s by ten orders of magnitude. 


room temperature is typically k5T = 2 eV. 


However, the energy of an electron at 
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P43.29 For sodium, M = 23.0 g/mol and p=0.971 g/cm? ; 


Nap (6.02 10? electrons/mol)(0.971 g/cm?) 
M 23.0 g/mol 


(a) n, 


n, = 254x107? electrons/ cm? =| 254x107 electrons/m? 


2/3 


2 
2 2/3 (6.626 x10™ J-s) | 3(2.54x107 m? 
B 22/2 ES | ) [3t ) =5.05 x10! J=[3.15 eV 
8x 2(9.11 x10! kg) 8x 


2m 


P43.30 The melting point of silver is 1 234 K. Its Fermi energy at 300 K is 5.48 eV. The approximate fraction 
of electrons excited is 


pu. (138x107? J/K)(1234 K) g 


«| 2% |. 
Ep (5.48 eV)(1.60x10™ J/eV) 


P43.31 Taking Ep = 5.48 eV for sodium at 800 K, 
-1 
fe [ute " 1| = 0.950 


elF-Er)/kT S 1 | 1.99526 
0.950 


ae In(0.052 6) = —2.94 
kT 
(1.38 x 10 (800) J 
E-E, 4 a = -0.203 eV or | E- 5.28 eV |. 
1.60x10- J/eV 
28.9 z9 75 
P43.32  d-100 mm, so V - (10010 m) -1.00x10? mê. 


25 m? 
The density of statesis — g(E)- CE? = IH Eu? 
h 


zgi 3/2 
á g(E)- 8 2a (91110 ke) (400 eV)(160x1077 J/ev) 
(6.626 x 10 J- s) 


9(E)= 8.50 x10% m ?.] 1 2136x107? m^? -eV™. 


So, the total number of electrons is 


N - [s(E) AE = (136x107 m? -ev~ (0.0250 eV)(1.00 10? m?) =| 3.40 10" electrons |. 
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P43.33 En SE E)dE 
Neg 
AtT=0, N(E) - 0 for E> Ep; 


8 2a m?" 
Since f(E)=1 for E « Epp and f(E) - 0 for E» Eg, we can take | N(E)- CE? = vam E? 


Er 
pos Geis = C feag- ea 
e 0 n, 0 n, 


But from Equation 43.24, e SE; ? so that E, = BEI : yg 2- zs 
n 


e 


P43.34 Consider first the wave function in x. At x 20 and x 2L, v —- 0. 


Therefore, sink,L=0 and k,L- z, 27, 3m, .... 
Similarly, sin k,L =0 and k,L Up A, AT, 
sink,L-0 and k,L-z, 2z, 8, ... 


n, 
y = Asin "aT Y | in| —¥ Z sin 22 | 
L L L 


From + = U-E)y, we have inside the box, where U =0 
x o? e? a dd 
2,2 22 2 22 
ny, nyc n.c 2 2m, _ hen 2 2 

| 72 73 72 ) " (-E)v E 2m D? (n? +n, +n?) n y” =1,2,3 
Outside the box we require y =0. 

E c ; : an?z? 
The minimum energy state inside the boxis n, =n, =n, =1, with E = Seni 

m, 
P43.35 (a) The density of states at energy E is g(E) =CE"”. 


g(8.50 eV) cC(8&50)^ 
g(7.00 eV) c(7.00)? 


Hence, the required ratio is 


(b) From Eq. 43.22, the number of occupied states having energy E is 


1/2 
Nose e 
e(E-Er)/ksT +1 
; es N(8.50 eV) (8.50)? | e(700-7.00)/keT 4.4 
Hence, th d rat 
ence e required ratio 1S N(Z00 Ev) (7. "P & (880730), T zi 
i N(8.50 eV) (850)^ 2.00 
E = 2l 
At T 2300 K, kgT 2 414x107! J 2 0.0259 eV, (0077 | 988571 


( 
N(7.00 eV) 
N(8.50 eV) 


N(8.50 eV) _ 
N(7.00 eV) 


And 155x107? |. 


Comparing this result with that from part (a), we conclude that very few states with E > Ep 
are occupied. 
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Section 43.6 Electrical Conduction in Metals, Insulators, and Semiconductors 
P43.36 (a) E, =1.14 eV for Si 
hf -114 eV - (114 eV)(1.60 x10 7 J/eV) -1.82x10 P? J so f >| 2.75 x10 Hz 


c 3.00x10* m/s 
f 275x10^H 


(b) c-Af;A- =1.09x 10° m=] 1.09 zm (in the infrared region) 


P43.37 Photons of energy greater than 2.42 eV will be absorbed. This means wavelength shorter than 
hc (6626x107 J-s}(3.00 x 10° m/s) 

E 2.42 x 1.60 x 107? J 
All the hydrogen Balmer lines except for the red line at 656 nm will be absorbed. 


= 514 nm. 


ne (6.626 x10 J-s)(3.00 x 10° m/s) 


P4338 — E,- 5 
A 650x107 m 


=| 1.91 eV 


P43.39 If 4<1.00x10% m, then photons of sunlight have energy 


p he (6.626 x 10 J.s (3.00 10° m/s) | Lev 
> = 


— Ag. |= 1.24 eV. 
À max 100x10% m 1.60x107 J 


Thus, the energy gap for the collector material should be | E, <1.24 eV |. Since Si has an energy gap 


E, ~1.14 eV, it will absorb radiation of this energy and greater. Therefore, | Si is acceptable | as a 


material for a solar collector. 


P43.40 If the photon energy is 5.5 eV or higher, the diamond window will absorb. Here, 


_ fe _ 55 ev: Au =H (6.626 x10 Js (3.00105. m/s) 
A min 5.5 eV (5.5 eV)(1.60 x 107? J/eV) 


Amin = 226x107 m=] 226 nm |. 


k E 
*P43.41 In the Bohr model we replace k, by — and m, by m . Then the radius of the first Bohr orbit, 
P e Dy x e DY 


2 


Ag = in hydrogen, changes to 


m,k,e? 
2 2 
a! = (n n Me - Jn17(00829 nm) = 2.81 nm |. 
m k,e m m, 220m 
The energy levels are in hydrogen E, zi and here 
f ke 1 k,e? LI E, 
" — K2a' n? K2(m,/m") a m, Jk? 
For n=1, E, =—0.220 C —0.0219 eV |. 
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Section 43.7 Semiconductor Devices 


P43.42 


P43.43 


P43.44 


*P43.45 


T= yes _1), Thus, — e^ c4, 1. 
0 

and AV= EL + ij ; 

e Ip 

138x10 ? J/K)(300 K) 
At T -300 K, iel bs In 141 = (25.9 mV)In jap 

1.60x10-? C Io Tp 

(a) If I 2 9.00], AV =(25.9 mV)In(10.0) =| 59.5 mV |. 
(b) If I = —0.9001,, AV - (259 mV)In(0.100) =| -59.5 mV |. 


The basic idea behind a semiconductor device is that a large current or charge can be 
controlled by a small control voltage. 


The voltage across the diode is about 0.6 V. The voltage drop across the resistor is 
(0.025 A)(150 Q) 23.75 V. Thus, -0.6 V- 38V =0 and £=] 44V |. 


First, we evaluate I, in I - Io (e ^ ^7 —1), given that 1-200 mA when AV =100 mV and T =300 K. 
AV) (160x109 C\(0.100 v) I 200 mA 
x 23 = 3.86 so Ip = “agra = 58 
ksT — (138x107? J/K)(300 K) gAVMIST _4 eLa 
e(AV) _ 


If AV 2 -100 mV, ETT —8.86; and the current will be 
B 


—4.28 mA 


I= Io (e —1)- (4.28 mA (e 5*6 -1)- | 2419 mA]. 


(a) The currents to be plotted are Diode and Wire Currents 
je: (10 apex -1) : 
2.42 V - AV 
ly 2—————— 
745 Q 


The two graphs intersect at 
AV — 0.200 V . The currents 
are then 


ic (10-5 AY 0-200 V/0.025 V -1) AV(volts) 


Current (mA) 


= 2.98 mA FIG. P43.45 
2.42 V —0.200 V 


745 Q 
Ip =Iw 2 [298 mA 


w= = 2.98 mA. They agree to three digits. 


AV 0.200 V 


=[671Q 
Ip 2.98x10° A 


(b) 


-1 
=| 8.390 


2s 
(c) AV) 2 ss _| 10° A 0-200 V/0.025 V 
dip |4(AV)| | 0.025V 
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Section 43.8 — Superconductivity 


P43.46 (a) See the figure at right. 


(b) For a surface current around the outside of the cylinder as shown, 


Nuol go (0.540 T)(2.50 x10 m) 
B= or NI =—= - 
t Ho (47x 10" ) T-m/A 


10.7 kA |. 


FIG. P43.46 
P43.47 By Faraday’s law (Equation 32.1), Bu. L a A = 
At At At 
A(AB) (0.010 0 m) (0.0200 T) 
Thus, AI = = s =| 203 A |. 
L 3.10 x10° H 


The direction of the induced current is such as to maintain the B- field through the ring. 


P43.48 (a) AV =IR 150 
If R=0, then AV =0, even when I #0. 100 
I 
(b) The graph shows a direct proportionality. (mA) 59 
155 - 57. A 
sopes dou USO Re -43101 0 
R AV (3.61—1.356) mV 0 1 2 3 4 
R=| 0.023 2 Q AV; (mV) 
FIG. P43.48 
(c) Expulsion of magnetic flux and therefore fewer 
current-carrying paths could explain the 
decrease in current. 
Additional Problems 
P43.49 (a) Since the interatomic potential is the same for both molecules, the spring constant is the 
same. 
12 u)(16 14 u)(16 
Then f = RE where 445 = UU: 6.86 u and 44, = (ew) 7.47 u. 
2m \ u 12u-«16u 14u+16 u 
Therefore, 


TE 1 |k 1 |k [mpn =f, [2 = (642 x10? Hz) 6.86 u. [615x107 Hz |. 
27 \ Hig 20 \| Hiz \ aa Hu d 
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(b) The equilibrium distance is the same for both molecules. 


H H 
"m = ur? -( H jen -( H I 
H12 H12 


Iu (E fas x10 7 kg-m?) =| 159x10 75 kg. m? 
.o00u 


(c) The molecule can move to the (v — 1, J =9) state or to the (v — 1, J =11) state. The energy it 
can absorb is either 


1 h? 1 is 
Ars >= (: «5n +9(9 «93 - (oes sooni, 


1 h? 1 h? 
or AE=—=||1+— hfi, +11(11+1)— |-]| 0+ — [hfi4 +10(10+1)— |. 
A 2 2114 2 2114 


The wavelengths it can absorb are then 
= £ or A= d 
fia - 108/(221,) fia +11h/(27 144) 


3.00 x 10* m/s 


CH re CENE E [10(1.055 x 10 J-s)]/[22(1.59 x10 kg m?) pu 
za P 3.00 x 10° m/s BETETT 
615x10P Hz+ [11(1.055 x 1079 J. s)| / [2a(1.59 x10“ kg. m’)| 
P43.50 For the N, molecule, k=2297 N/m, m 2 232x10 75 kg, r =1.20x10" m, w= - 
o= j- 4.45x10" rad/s, I= ur? =(116 x10 kg (120x10 mJ -1.67 x10 5 kg -m?. 


For a rotational state sufficient to allow a transition to the first exited vibrational state, 


2o (167x105 (445x104) 


h2 
2 JU *1)2 o so J(J+1)= -1410. 
ap eels ada ale 1.055 x10! 
Thus | J =37 |. 
1 (45 eV(16x107? J/eV) 1 
P43.51 AE... = 4-5 ev -[ve t po so i RIT «(n 
2 (1.055 x 10 J-s)(8.28 x 10" s) 2 
8.25 >7.5 v=7 


P43.52 With 4 van der Waal bonds per atom pair or 2 electrons per atom, the total energy of the solid is 


5.23 J/g |. 


23 
E -2(174x10 7 jon 2 x10 sons P 


4.00 g 


P43.53 


P43.54 


P43.55 
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E 


The total potential energy is given by Equation 43.17: U ota - -« 


du 


, 


dr r=19 
du d ke B ke? mB 
or d d $ m =A 2 ml 
r r=1 T F r r-n 1% To 
ke 
Thus, B= gc um 
m 
kee Ss 1 ke^(, 1 
Substituting this value of B into LU, Uy =-a Eug ee e _ |=| -@ c ( : 
To m To To m 


Suppose it is a harmonic-oscillator potential well. Then, Sif +4.48 eV = 2f +3.96 eV is the depth 
of the well below the dissociation point. We see hf = 0.520 eV, so the depth of the well is 


Sif + 4.48 eV = + (0.520 eV)+ 4.48 eV =| 4.74 eV |. 


d 


(a) For equilibrium, aes 0: (Ax? Bet) =-3Ax*+Bx* =0 
dx dx 
x — œ describes one equilibrium position, but the stable equilibrium position is at 
34x9 =B. 
3(0.150 eV-nm? 
mE PUN | loss 
B 3.68 eV. nm 
TE A B AB? < BB”? 

(b) The depth of the well is given by us -U|., = xb, SPAR SERATA 


2p? 3/2 


2(3.68 eV - nm) 
R 33/2 A 1/2 


332 (0.150 eV nm?" i 


ili -[-702 eV ]. 


du 


(c) F, =-—— -3Ax' * - Bx? 
dx 


dF 
To find the maximum force, we determine finite x,, such that P 


12 
=0 so that x, -(&) : 


X-—Xmn 


Thus, [-124x 5 + 2Bx?] 


"m 


2 2 2 
68 eV- 
Then Ex zi B af z E PRETA 
6A 6A 12A 12(0.150 eV.nm? 


-19 
or Fmax = 7.52 even = an LY tan 


E )- 1.20 x 10? N =| -1.20 nN |. 
1eV 10? m 
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d 
dx 


x — œ describes one equilibrium position, but the stable equilibrium position is at 


3Ax7 - B or x= : 


P43.56 (a) For equilibrium, a =0: (Ax? - Bx 1) - -3Ax * -Bx =0 
X 


TE A B AB??? < BB”? B? 
(b) The depth of the well is given by Uy ul... Nox AW 3a | “Voza | 
(c) F = U dx EA 
dx 


To find the maximum force, we determine finite x,, such that 


2 2 
ae =[-12Ax°+2Bx3] | -0 then Fins =34( : af J- MS 
dx ls. x=% 6A 6A 12A 
Hanna M du -a(r,-n) -a(r,-n) 
P43.57 (a) At equilibrium separation, r =r,, MES E uu ie eu’ =0. 
Toy 

We have neutral equilibrium as r, — o» and stable equilibrium at ete) 21, 
or Pap l. 


(b) At r =r, U =0. As r > œ, U > B. The depth of the well is | B |. 


(c) We expand the potential in a Taylor series about the equilibrium point: 
du 1d?u 2 
U(r) & U(rg)-* + 
(r) (ro) dr yer (r ro) 2 dr? (r 1) 


This is of the form e = sr - n). 
for a simple harmonic oscillator with k = 2Ba?. 
Then the molecule vibrates with frequency f= E pecus E ; 
2nVu Vu m\2u 
(d) The zero-point energy is : ho - : hf = He seh 2 
2 2 m V8u 


Therefore, to dissociate the molecule in its ground state requires energy | B- — || — |. 
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P43.58 T=0 ^ . [r-o1rn T -02T, T =0.5T; 


Dew calce AE eio MN. a 
0.500 fe —  — [100 fe — — (0993 fe — |0924 |e 19 [0.731 
0.600 [ew — — [100 feto — — j0985  |e?*? f0.881 |e?9" 0.690 | 


110 fe — —— [oo jJ. — — [o2 [e050 —— o378 [07 ———— [0450 | 
120 [e — — [o0 je" —— — 0109 fe 0.269 je —— 0401 | 
130 [e — — [oo je"  [o.0474 [e [0.182 [206 — [0354 | 
140 [er — — (000 fet —— 00180 fe% tt je?» — —— [0310 | 
150 [e — — [oo je" 0.00669 [e5 — —— [oozso|e" — [0269 | 


Fermi - Dirac Distribution Function 


FIG. P43.58 


P43.59 (a) There are 6 Cl” ions at distance r = ry. The EA) Relative to the 
m : : ; sodium ion 6 at 
contribution of these S the electrostatic = s v Cr | hecenin 
—| e 1 D 
[4 1 
i i (AT ù this is a nearest 
T e | neighbor at 
EJ NET e — WD distance ro 


potential energy is 
To 


There are 12 Na* ions at distance r = J2r,. 
Their contribution to the electrostatic potential 


e 
: ü 
energy is ———— um . Next, there are 8 Cl” ions ‘eo 


2 
ai this is second 
2 ————e——— nearest at VZ ro 
di = . Th ib this chloride ion is 
RN r - 48i 3rg. These contribute a term of ipud T 
-8k,e . : 
*— to the electrostatic potential energy. 
NEIN FIG. P43.59 


To three terms, the electrostatic potential energy is: 


2 
Us EE z s 2135€. or | y= ca S with a= 215 | 
V2 43 To To 
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P43.2 


P43.4 


P43.6 


P43.8 


P43.10 


P43.12 


P43.14 


P43.16 


P43.18 


P43.20 


P43.22 


P43.24 


P43.26 


P43.28 
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(b) The fourth term consists of 6 Na* at distance r = 2r). Thus, to four terms, 


k,e? k,e? 
U =(-2.13 +3)“ = 0.866 =. 
To To 


So we see that the electrostatic potential energy is not even attractive to 4 terms, and that the 


infinite series | does not converge rapidly 


when groups of atoms corresponding to nearest 


neighbors, next-nearest neighbors, etc. are added together. 


ANSWERS TO EVEN PROBLEMS 


4.3 eV 


(a) 1.28 eV; (b) o 2 0.272 nm, e= 4.65 eV; 
(c) 6.55 nN; (d) 576 N/m 


(a) 40.0 ueV , 9.66 GHz; 
(b) If r is 10% too small, f is 20% too large. 


146x10 ^ kg.m? 
(a) 181x10“ kg-m?; (b) 1.62 cm 


(a) 11.8 pm; (b) 7.72 pm; Hl is more loosely 
bound 


(a) 0, 364 ueV , 1.09 meV; 
(b) 98.2 meV, 295 meV, 491 meV 


(a) 472 um; (b) 473 um; (c) 0.715 um 
29x10" kg.m? 

only 64.1 THz 

(a) —10"; (b) ~10° m? 

(a) 0.444 nm, 0.628 nm, 0.769 nm 

see the solution 


(a) 1.57 Mm/s; 
(b) larger by 10 orders of magnitude 


P43.30 


P43.32 


P43.34 


P43.36 


P43.38 


P43.40 


P43.42 


P43.44 


P43.46 


P43.48 


P43.50 


P43.52 


P43.54 


P43.56 


P43.58 


2% 

3.40 x 10" electrons 

see the solution 

(a) 275 THz; (b) 1.09 um 
1.91 eV 

226 nm 

(a) 59.5 mV; (b) -59.5 mV 
4.19 mA 

(a) see the solution; (b) 10.7 kA 
see the solution 

37 

5.23 J/g 


4.74eV 


3A p? B? 
(a) m= foi 24274 712A 


see the solution 
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CHAPTER OUTLINE ANSWERS TO QUESTIONS 

441 S P rti f Nuclei ; : us 

442 aE ER ee i Q44.1 Because of electrostatic repulsion between the positively- 

44.3 Nuclear Models charged nucleus and the +2e alpha particle. To drive the a- 

444  Radioactivity particle into the nucleus would require extremely high kinetic 

44.5 The Decay Processes energ 

44.6 Natural Radioactivity y. 

44.7 Nuclear Reacti : 

44.8 ed Mene. Q44.2 There are 86 protons and 136 neutrons in the nucleus ?2 Rn. 
Resonance and Magnetic For the atom to be neutral, there must be 86 electrons orbiting 
Resonance Imagining the nucleus—the same as the number of protons. 

Q44.3 All of these isotopes have the same number of protons in the 
nucleus. Neutral atoms have the same number of electrons. 
Isotopes only differ in the number of neutrons in the nucleus. 

Q44.4 Nuclei with more nucleons than bismuth-209 are unstable 


because the electrical repulsion forces among all of the protons 
is stronger than the nuclear attractive force between nucleons. 


Q44.5 


The nuclear force favors the formation of neutron-proton pairs, so a stable nucleus cannot be too far 
away from having equal numbers of protons and neutrons. This effect sets the upper boundary of 
the zone of stability on the neutron-proton diagram. All of the protons repel one another electrically, 
so a stable nucleus cannot have too many protons. This effect sets the lower boundary of the zone of 
stability. 

044.6 Nucleus Y will be more unstable. The nucleus with the higher binding energy requires more energy 
to be disassembled into its constituent parts. 


Q44.7 Extra neutrons are required to overcome the increasing electrostatic repulsion of the protons. The 


neutrons participate in the net attractive effect of the nuclear force, but feel no Coulomb repulsion. 


Q44.8 In the liquid-drop model the nucleus is modeled as a drop of liquid. The nucleus is treated as a 
whole to determine its binding energy and behavior. The shell model differs completely from the 
liquid-drop model, as it utilizes quantum states of the individual nucleons to describe the structure 
and behavior of the nucleus. Like the electrons that orbit the nucleus, each nucleon has a spin state 
to which the Pauli exclusion principle applies. Unlike the electrons, for protons and neutrons the 


spin and orbital motions are strongly coupled. 


Q44.9 The liquid drop model gives a simpler account of a nuclear fission reaction, including the energy 
released and the probable fission product nuclei. The shell model predicts magnetic moments by 
necessarily describing the spin and orbital angular momentum states of the nucleons. Again, the 
shell model wins when it comes to predicting the spectrum of an excited nucleus, as the quantum 


model allows only quantized energy states, and thus only specific transitions. 
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Q44.10 


Q44.11 


Q44.12 


Q44.13 


Q44.14 


Q44.15 


Q44.16 


Q44.17 


Q44.18 


Q44.19 
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tHe, 150, “Ca, and ?5 Pb. 


If one half the number of radioactive nuclei decay in one year, then one half the remaining number 
will decay in the second year. Three quarters of the original nuclei will be gone, and one quarter will 
remain. 


The statement is false. Both patterns show monotonic decrease over time, but with very different 
shapes. For radioactive decay, maximum activity occurs at time zero. Cohorts of people now living 
will be dying most rapidly perhaps forty years from now. Everyone now living will be dead within 
less than two centuries, while the mathematical model of radioactive decay tails off exponentially 
forever. A radioactive nucleus never gets old. It has constant probability of decay however long it 
has existed. 


Since the samples are of the same radioactive isotope, their half-lives are the same. When prepared, 
sample A has twice the activity (number of radioactive decays per second) of sample B. After 5 half- 
lives, the activity of sample A is decreased by a factor of 2°, and after 5 half-lives the activity of 
sample B is decreased by a factor of 2°. So after 5 half-lives, the ratio of activities is still 2:1. 


After one half-life, one half the radioactive atoms have decayed. After the second half-life, one half 
of the remaining atoms have decayed. Therefore x i = - of the original radioactive atoms have 


decayed after two half-lives. 


The motion of a molecule through space does not affect anything inside the nucleus of an atom of 
the molecule. The half-life of a nucleus is based on nuclear stability which, as discussed in Questions 
44.4 and Q44.5, is predominantly determined by Coulomb repulsion and nuclear forces, not 
molecular motion. 


Long-lived progenitors at the top of each of the three natural radioactive series are the sources of our 
radium. As an example, thorium-232 with a half-life of 14 Gyr produces radium-228 and radium-224 
at stages in its series of decays, shown in Figure 44.17. 


A free neutron decays into a proton plus an electron and an antineutrino. This implies that a proton 
is more stable than a neutron, and in particular the proton has lower mass. Therefore a proton 
cannot decay into a neutron plus a positron and a neutrino. This reaction satisfies every 
conservation law except for energy conservation. 


1 
A neutrino has spin 2 while a photon has spin 1. A neutrino interacts by the weak interaction while 


a photon is a quantum of the electromagnetic interaction. 


Let us consider the carbon-14 decay used in carbon dating. 4C ZN «e^ +v. The carbon-14 atom 
has 6 protons in the nucleus. The nitrogen-14 atom has 7 protons in the nucleus, but the additional 
+ charge from the extra proton is canceled by the — charge of the ejected electron. Since charge is 
conserved in this (and every) reaction, the antineutrino must have zero charge. 

Similarly, when nitrogen-12 decays into carbon-12, the nucleus of the carbon atom has one 
fewer protons, but the change in charge of the nucleus is balanced by the positive charge of the 
ejected positron. Again according to charge conservation, the neutrino must have no charge. 


Q44.20 


Q44.21 


Q44.22 


Q44.23 


Q44.24 


Q44.25 


Q44.26 


Q44.27 
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: 1 
An electron has spin quantum number 3 When a nucleus undergoes beta decay, an electron and 


antineutrino are ejected. With all nucleons paired, in their ground states the carbon-14, nitrogen-14, 
nitrogen-12, and carbon-12 nuclei have zero net angular momentum. Angular momentum is 
conserved in any process in an isolated system and in particular in the beta-decays of carbon-14 and 


2 : f 1 T 
nitrogen-12. Conclusion: the neutrino must have spin quantum number p so that its z-component 


. h h ; 
of angular momentum can be just » or — 25 A proton and a neutron have spin quantum number 1. 
For conservation of angular momentum in the beta-decay of a free neutron, an antineutrino must 


: 1 
have spin quantum number P 


The alpha particle and the daughter nucleus carry equal amounts of momentum in opposite 
2 
p 


directions. Since kinetic energy can be written as om the small-mass alpha particle has much more 
m 


of the decay energy than the recoiling nucleus. 


Bullet and rifle carry equal amounts of momentum p. With a much smaller mass m, the bullet has 


2 
much more kinetic energy K = T The daughter nucleus and alpha particle have equal momenta 
m 


and the massive daughter nucleus, like the rifle, has a very small share of the energy released. 


Yes. The daughter nucleus can be left in its ground state or sometimes in one of a set of excited 
states. If the energy carried by the alpha particle is mysteriously low, the daughter nucleus can 
quickly emit the missing energy in a gamma ray. 


In a heavy nucleus each nucleon is strongly bound to its momentary neighbors. Even if the nucleus 
could step down in energy by shedding an individual proton or neutron, one individual nucleon is 
never free to escape. Instead, the nucleus can decay when two protons and two neutrons, strongly 
bound to one another but not to their neighbors, happen momentarily to have a lot of kinetic 
energy, to lie at the surface of the nucleus, to be headed outward, and to tunnel successfully through 
the potential energy barrier they encounter. 


2 
From >) F = ma, or quB = = or qBr = mv, a charged particle fired into a magnetic field is deflected 
r 


into a path with radius proportional to its momentum. If they have equal kinetic energies K, the 
much greater mass m of the alpha particle gives it more momentum mv = 42mK than an electron. 
Thus the electron undergoes greater deflection. This conclusion remains true if one or both particles 
are moving relativistically. 


The alpha particle stops in the wood, while many beta particles can make it through to deposit some 
or all of their energy in the film emulsion. 


The reaction energy is the amount of energy released as a result of a nuclear reaction. Equation 44.28 
in the text implies that the reaction energy is (initial mass — final mass)c?. The Q-value is taken as 
positive for an exothermic reaction. 


570 
Q44.28 


Q44.29 
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Q44.32 


Q44.33 
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Carbon-14 is produced when carbon-12 is bombarded by cosmic rays. Both carbon-12 and carbon-14 
combine with oxygen to form the atmospheric CO; that plants absorb in respiration. When the 
plant dies, the carbon-14 is no longer replenished and decays at a known rate. Since carbon-14 is a 
beta-emitter, one only needs to compare the activity of a living plant to the activity of the sample to 
determine its age, since the activity of a radioactive sample exponentially decreases in time. 


The samples would have started with more carbon-14 than we first thought. We would increase our 
estimates of their ages. 


There are two factors that determine the uncertainty on dating an old sample. The first is the fact 
that the activity level decreases exponentially in time. After a long enough period of time, the 
activity will approach background radiation levels, making precise dating difficult. Secondly, the 
ratio of carbon-12 to carbon-14 in the atomsphere can vary over long periods of time, and this effect 
contributes additional uncertainty. 


An a-particle is a helium nucleus: 5He 

A f-particle is an electron or a positron: either e" or e*. 

A yray is a high-energy photon emitted when a nucleus makes a downward transition 
between two states. 


1 3 = and : . Seven I, values are possible for 


I, may have 6 values for I = >, namely 


Iz3. 
The frequency increases linearly with the magnetic field strength. 


The decay of a radioactive nucleus at one particular moment instead of at another instant cannot be 
predicted and has no cause. Natural events are not just like a perfect clockworks. In history, the idea 
of a determinate mechanical Universe arose temporarily from an unwarranted wild extrapolation of 
Isaac Newton's account of planetary motion. Before Newton's time [really you can blame Pierre 
Simon de Laplace] and again now, no one thought of natural events as just like a perfect row of 
falling dominos. We can and do use the word "cause" more loosely to describe antecedent enabling 
events. One gear turning another is intelligible. So is the process of a hot dog getting toasted over a 
campfire, even though random molecular motion is at the essence of that process. In summary, we 
say that the future is not determinate. All natural events have causes in the ordinary sense of the 
word, but not necessarily in the contrived sense of a cause operating infallibly and predictably in a 
way that can be calculated. We have better reason now than ever before to think of the Universe as 
intelligible. First describing natural events, and second determining their causes form the basis of 
science, including physics but also scientific medicine and scientific bread-baking. The evidence 
alone of the past hundred years of discoveries in physics, finding causes of natural events from the 
photoelectric effect to x-rays and jets emitted by black holes, suggests that human intelligence is a 
good tool for figuring out how things go. Even without organized science, humans have always 
been searching for the causes of natural events, with explanations ranging from "the will of the 
gods" to Schródinger's equation. We depend on the principle that things are intelligible as we make 
significant strides towards understanding the Universe. To hope that our search is not futile is the 
best part of human nature. 
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SOLUTIONS TO PROBLEMS 


Section 44.1 Some Properties of Nuclei 


P44.1 An iron nucleus (in hemoglobin) has a few more neutrons than protons, but in a typical water 
molecule there are eight neutrons and ten protons. 
So protons and neutrons are nearly equally numerous in your body, each contributing mass 


(say) 35 kg: 
1 nucleon 28 
35 kg} ——— —57— || ~ 10^ protons 
1.67x10 kg 
and — 10? neutrons |. 
The electron number is precisely equal to the proton number, | — 10? electrons |. 


P44.2 jm 2 = gAV and 


2mAV - qr?B?: 


mo? 


— — = quB 
T 


2(1000 V 
ie! SAY E ( - ) - in 
qB (1.60x1077^ C)(0.200 T) 


r =(5.59x10" m/,/kg Wm 


(a) For C, m=12u and r=(5.59x10" my kg), /12(1.66 x107 kg) 


For PC: 


(D With 


the ratio gives 


and 


so they do agree. 


r 20.0789 m =| 7.89 cm |. 


r=(5.59x10" ny kg} j13(L66x107 kg) 


r =0.0821 m=] 8.21 cm |. 


2m,AV 2m,AV 
"n- ;- andr, = > 
qB | 4B 
LESEN LUN 
7) m» 
n _ 789 cm _ 
T, 821cm 


Tiz jou =0.961 
My 13u 
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(2)(6)(1.60 x 107? cJ 


z—-[276N 


P443 (a) F = k, €. (8.99 x 10? N :m?/C?) 
r 


(1.00 x107 m) 


F 27.6 N 
te 7 
m  6.664x10^ k 


(b) 


- | 417x107 m/s? | away from the nucleus. 
& 


(2)(6)(1.60 x 107? c) 
(1.00 x10 m) 


(c) U = k, 222 (89910? N-m?/C?) =2.76 x10” J=| 1.73 MeV 
T 


P44.4 — E,-7.70 MeV 


= 4k Ze” D 2k,Ze? E 2(8.99 x 10° )(79)(1.60 x 10°) 


ae : -295x10 7? m=| 29.5 fm 
E, 7.70(1.60 10775) 


(a) d 


(b) The de Broglie wavelength of the a is 


h h 6.626 x 10% ES 
A = = =5.18 x10 m-[5.18 fm |. 
m,0, J2m,E, 2(6.64 x 107 y 70(1.60 x 1075) 


(c) Since | 2 is much less than the distance of closest approach |, the o may be considered a 


particle. 


P44.5 (a) The initial kinetic energy of the alpha particle must equal the electrostatic potential energy 
at the distance of closest approach. 


k.qQ 
K; =U, == 


Tmin 


x10? N-m?/C? <10! cY 
: kg _(899x10? N-m?/C?)(2)(79){1.60 x10" C) 


min = i =| 455x10" m 
K; (0.500 MeV)(1.60 x10? J/MeV) 


() Since K,=m,0? = kQ 


Tmin 


[ag 2(8.99 x10? N-m?/C)(2)(79)(1.60 x 10" cJ" res 
c 2m (400 (166x107 kg/uj(3.00 107? m) : 


P44.6 


P44.7 


P44.8 


P44.9 


P44.10 


P44.11 
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k.qQ 
d 


It must start with kinetic energy equal to K; =U; = . Here r, stands for the sum of the radii of 


the 3He and 1% Au nuclei, computed as 


ry = At? e rjAT^ 2 (120x107 m)(4¥? 19772) 28.89 x 10? m. 


(899 x10* N-m?/C?)(2)(79)(1.60 x10? C)? 
8.89 x10" m 


Thus, K; =U; = = 4.09 x10? J =| 25.6 MeV |. 


(a) r =A"? 2 (120x105 my)? =| 190x105 m 


(b — renA'? -(120x10 5 mJ238)? =| 7.44x10 m 


From r=r, A1, the radius of uranium is ry = r (238). 
0 U =o 


Thus, if r= at then rA? = 570(238)"" 


from which A=30 |. 


The number of nucleons in a star of two solar masses is 
2(1.99 x 10 kg) 
167x107 kg/nucleon E 


2.38 x 10°” nucleons. 


1/3 
Therefore — r=1y A"? - (120x105 m)(2.38 x10? )" - [16.0 km |. 


V= Sart = $ (0.021 5m) 2416x107? m? 


We take the nuclear density from Example 44.2 
m= pV =(2.3x10" kg/m? (416x107? m?) - 9.57 x10? kg 


(9.57 «10? kg) 
(1.00 m)? 


mm» 


and F=G 7 
r 


(6.67 «107 N-m?/kg?) 


611x10P N | toward the other ball. 


^4 
Il 


The stable nuclei that correspond to magic numbers are: 
Z magic: ,He ¿O 20€aà Ni Sn ~— gy Pb 


An artificially produced nucleus with Z =126 might be more stable than other nuclei with lower 
values for Z, since this number of protons is magic. 


Mo 3 4 15 16 37 39 40 51 52 88 
N magic: iT, ;He, 7N, sO, q7Cl, iK, Ca, 23V,  »XCr, Sr, 
89 90 136 138 139 140 141 142 208 209 p; 

39Y , 40 £T, 5aXe, 56Ba, La, sgCe, ssPr, éoNd, Pb, "Bi, 


210 
g, Po 
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*P44.12 


*P44.13 


(a) For even Z, even N, even A, the list begins 3He, 12C and ends Pt ? oe Pt, b Hg, SE Pb, 


containing | 48 | isotopes. 


(b) The whole even Z, odd N, odd A list is ;Be, '2;Xe, "3 Pt, with | 3 | entries. 


(c) The odd Z, even N, odd A list has | 46 | entries, represented as 1H, AE rU TE 


2094. 
ga Bi. 


(d) The odd Z, odd N, even A list has | 1 | entry, LN. Do not be misled into thinking that nature 


favors nuclei with even numbers of neutrons. The form of the question here forces a count 
with essentially equal numbers of odd-Z and even-Z nuclei. If we counted all of the stable 
nuclei we would find many even-even isotopes but also lots of even-Z odd-N nuclei and 
odd-Z even-N nuclei; we would find roughly equal numbers of these two kinds of odd-A 
nuclei. A nucleus with one odd neutron is no more likely to be unstable than a nucleus with 
one odd proton. 

With the arbitrary 25% abundance standard, we can note that most elements have a 
single predominant isotope. Ni, Cu, Zn, Ga, Ge, Pd, Ag, Os, Ir, and Pt form a compact patch 
on the periodic table and have two common isotopes, as do some others. Tungsten is the 
only element with three isotopes over 25% abundance. 


Thus — N44Z,- E +521] 


oN, =2Z 


we | oO 


5 
“Ly +4=2Zy 


^. Z4 =16 
N; =Z, -4220, A, 2 Z, +N, =36 


Hence: |. $$S and $He. 


(b) ?He is unstable. Two neutrons must be removed to make it stable (2He). 


Section 44.2 


P44.14 


P44.15 


P44.16 


P44.17 


Nuclear Binding Energy 


Using atomic masses as given in Table A.3, 


(a) 


(b) 


(c) 


(d) 


Nuclei 
5Mn 


56 Fe 
5 Co 


-.6 Fe has a greater x than its neighbors. This tells us finer detail than is shown in Figure 44.5. 


-2.014 102 + 1(1.008 665) + 1(1.007 825) 


For H: 
2 
Te: = (0.001 194 (Seem) -|111 MeV/nucleon |. 
A u 
; 2(1.008 665) + 2(1.007 825) — 4.002 603 
For 5He: 


4 
E 
rte 0.007 59 uc? =| 7.07 MeV/nucleon |. 


For % Fe: 30(1.008 665) + 26(1.007 825) — 55.934 942 = 0.528 u 


x = = = 0.009 44 uc? =| 8.79 MeV/nucleon |. 


For *53U: 146(1.008 665) + 92(1.007 825) — 238.050 783 = 1.934 2 u 


E, 19342 

2- =0.008 13 uc? =| 7.57 MeV/nucleon |. 

A 238 

AM(931.5 
AM = Zmy +Nm,-M BE AMOL) 
A A 
BE. 

Z N Minu AM inu "X Mey 
25 30 54.938 050 0.5175 8.765 
26 30 55.934 942 0.528 46 8.790 
27 32 58.933 200 0.555 35 8.768 


Use Equation 44.2. 


E, 


The ZNa, a 8.11 MeV/nucleon 


and for Mg, E =7.90 MeV/nucleon. 
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575 


The binding energy per nucleon is greater for 7;Na by | 0.210 MeV |. (There is less proton repulsion 


in Na? 


(a) 


(b) 


(c) 


) 


A-Z. 
is greatest for | 133 


The neutron-to-proton ratio 


131a | has the largest binding energy per nucleon of 8.378 MeV. 


55CS | and is equal to 1.53. 


19 Cs with a mass of 138.913 u. We locate the nuclei carefully on Figure 44.4, the 
neutron-proton plot of stable nuclei. | Cesium | appears to be farther from the center of the 


zone of stability. Its instability means extra energy and extra mass. 
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P44.18 


P44.19 


P44.20 


(a) The radius of the Ca nucleusis: R =rA"? - (120x109 m)(40)"° - 410x107? m. 


The energy required to overcome electrostatic repulsion is 


ako?  3(899x10* N-m?/C?}[20(1.60 x10" cjr 


- -135x10 ! J=] 84.1 MeV |. 
5R 5(410 x 1075 m) 


u 


(b) The binding energy of 3)Ca is 


E, =[20(1.007 825 u) + 20(1.008 665 u) - 39.962591 u 931.5 MeV/u) - | 342 MeV |. 


(c) The nuclear force is so strong that the binding energy greatly exceeds the minimum energy 


needed to overcome electrostatic repulsion. 


The binding energy of a nucleus is E,(MeV)- [zm -Nm,- M( 7 x) (931.494 MeV/u). 


For 30: Ep =[8(1.007 825 u) +7(1.008 665 u) -15.003 065 u 931.494 MeV/u) = 111.96 MeV. 


For '3N: E, =[7(1.007 825 u) +8(1.008 665 u) - 15.000 109 u (931.494 MeV/u) =115.49 MeV. 


Therefore, | the binding energy of N is larger by 3.54 MeV |. 


Removal of a neutron from 5,Ca would result in the residual nucleus, 55Ca. If the required 


separation energy is S,,, the overall process can be described by 
mass ( 2 Ca) +S, = mass( 28 Ca) +mass(n) 


S,, = (41.958 618 + 1.008 665 — 42.958 767) u = (0.008 516 u)(931.5 MeV/u) =| 7.93 MeV |. 


Section 44.3 Nuclear Models 


P44.21 


= —E,. _.-— Region of greatest 
ab; Er Eri 9 | |] stability 
F A -200, P -74 MeV g 5 
Or = ý a` f e P 7 
V 6 
so Ey = 200(7.4 MeV) =1 480 MeV. E E 5 
[s 
E PE 4 
F Ax100, —=8.4 MeV SES 
or 00, A 8 e t Ba 
[aa 
so E, = 2(100)(8.4 MeV) = 1 680 MeV. i 
0 50 100 150 200 
AE, = Ey —E,;: E, 41680 MeV - 1480 MeV =| 200 MeV Mass number A 


FIG. P44.21 


P44.22 


P44.23 


Section 44.4 Radioactivity 


P44.24 


P44.25 


P44.26 


P44.27 


: ^ (In2/8.04 dJ(40. "m fd 
R= Roe ^' = (640 mCi)e 2/501 90023) — (640 mCi)(e™?) = (6.40 mei ]- 


HIN ANI 
dt 
so A= H- 23 2 (1.00 x107 \(6.00 x 10") —6.00 x 1074 s7! 
NA dt 
In2 


Tz == =| 116 x 10? s |(=19.3 min) 


kaane UB (602x107) 
5.27 yr J 59.93 g/mol 


1yr 
R=(132x107! decays (imr )- 4.18 x10” B 
( XD se urs 3 


(a) From R-R,e ^, 


Chapter 44 
(a) The first term overstates the importance of volume and the second term subtracts this 
overstatement. 
4/3); R? 3 
(b) For spherical volume (RET zs : For cubical volume e ales 
Ax R 3 6R 6 
The maximum binding energy or lowest state of energy is achieved by building “nearly” 
spherical nuclei. 
(a) “Volume” term: E, =C,A=(15.7 MeV)(56) = 879 MeV. 
“Surface” term: E, = C,A?? =-(17.8 MeV)(56)? =-260 MeV. 
Z(Z-1 26)(2 
“Coulomb” term: E,=-C, ( T ) = -(0.71 MeV) (2625) = -121 MeV. 
AB (56)? 
A-2Z) 56 — 52)” 
“Asymmetry” term: E,=C, ae = —(23.6 Mey) 07 = —6.74 MeV. 
E, =491 MeV 
E E E E 
(b) 1 =179%; => = 53.0%, => =-24.6%; —4 = -1.37% 


0.200 mCi 


t R 4.00 h 8.00 


-1 


(b) N= 2.39 x10? atoms 


Ro 100x102? Cif 3.70x10'?/s )_ 
A  L55x10^/s 1Ci 


(c) R = Ree ^' - (10.0 mCi)exp(-5.58 x 10? x 30.0) =| 1.88 mCi 


azim 2e)-{ 1 Jin( 305) -558x102 h!2|155x10? s 
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P44.28 


P44.29 


P44.30 


*P44.31 


Nuclear Structure 
R= Rye aere ga coer 
26.0 h 
R -At 
—=0.100 =e SO In(0.100) =—At 
Ro 
02: 
230-226); t=| 86.4 h 


The number of nuclei which decay during the interval will be N, - N; = No (e^ h gh ) 


First we find 1: A .In2 0633 50107 h” =2.97x10~* s7! 
Ty, 648h 


40.0 wCi)(3.70 x 10* s^! /uCi 
I M. 1 oat / B. nuclei. 
A x S 


and 


i z m -1 
Substituting these values, NQ-N,- (4.98 x 10" J (0.0107 n )(40.0 h) _ g (0.0107 h*)(12.0 a 


Hence, the number of nuclei decaying during the interval is N, — N, =| 9.47 x 10? nuclei |. 


The number of nuclei which decay during the interval will be N; - N; = No (e^ hg dh ) 


First we find A: A= In2 
Ty» 
so e ^ = IP) 2 g7 
RoT: 
and Ka E 
A In2 
RoT: RoT: 
Substituting in these values N} -N, = Ium i er) Uu (amine -2 hh) 
In2 In2 


We have all this information: N , (0) = 2.50N, (0) 


N,(3d) = 420N, (3d) 


: N,(0) . 
N, (O)e~4#34 =4,20N (0)e 4,3d = 4298, 4,34 
d 2.50 
oid, _ 2.5 3d, 
4.2 
3d4, = in 5) +3d4 
4.2 y 
440698 _ nf 25) ERU CEA 
Ty, 4.2 1.60 d 
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*P44.32 (a) M = rate of change of N, 


= rate of production of N, - rate of decay of N, 
= rate of decay of N, -rate of decay of N, 
-AQN,-À3N3 


(b) From the trial solution 


Ny 
N,(t)=5 a (ee gr 


1 2 


dt A,-A, 
dN» N1041 - Aat -Ayt Ant -At 
V—— KANS Axe ^? c Aue ^ c Age ^? —Age ^ 
di 2/N2 er 2 1 2 2 ) 
NA 
ae ey t 
Ay—A2 
-AN, 
dN 
So o AN — ÎN, as required. 


(c) The functions to be plotted are Decay of ?? Po and *!* Pb 


~(0.223 6 min !)t 


N,(t)=1000e 3 1000 
-(0.2236 min )t —-(0.0259 min *) E 
N,(t)=1 130.8] e -e E 
E 
E 
From the graph: £,, ~| 10.9 min z 


time (min) 


FIG. P44.32(c) 


In(44 /ÀA 
NS tin = l 1n . 
ime 


(d) From (1), d if A,e ^: = Ae ^nt s et 
2 


With 44 —0.223 6 min !, 4, 20.0259 min”, this formula gives t,, =| 10.9 min |, in 


agreement with the result of part (c). 


Section 44.5 The Decay Processes 


Q = (238.050 783 — 234.043 596 — 4.002 603) u(931.5 MeV/u) =| 4.27 MeV 
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P44.34 


P44.35 


*P44.36 


Nuclear Structure 


(a) A gamma ray has zero charge and it contains no protons or neutrons. So for a gamma ray 
Z=0 and A =0. Keeping the total values of Z and A for the system conserved then requires 
Z = 28 and A=65 for X. With this atomic number it must be nickel, and the nucleus must be 
in an exited state, so it is $9 Ni . 


(b) a-3He has Z =2 and A=4 
so for X we require Z=84-2=82 
for Pb and A -215-4- 211, X-?HPb. 
(c) A positron e* =e has charge the same as a nucleus with Z — 1. A neutrino jv has no charge. 


Neither contains any protons or neutrons. So X must have by conservation Z = 26 +1 = 27. It 
is Co. And A 5540 —55. It is 2 Co. 
Similar reasoning about balancing the sums of Z and A across the reaction reveals: 


(d fe 


(e) iH (or p). Note that this process is a nuclear reaction, rather than radioactive decay. We can 
solve it from the same principles, which are fundamentally conservation of charge and 
conservation of baryon number. 


0.0210 
Nc = I Ue. (6.02 x 10 molecules/mol) 
12.0 g/mol 


(Nc -1.05 x 10?! carbon atoms) of which 1 in 7.70 x10" isa ^C atom 


In2 
5 730 yr 
R- AN - ANge ^! 


(No)c.,, 2137x109, Aca = 121x107 yr” =3.83 x10" s 


7(86 400 s 
Att=0, Ro = AN, = (388 x10? s 1 \(1.37x10°) d EN 3.17 x10? decays/week. 
1 week 
Attime f, R- cue 951 decays/week. 
0.88 
Taking logarithms, In E -Àt so t= bin = 
Ro A \Ro 
t= x 4 nf > =} 9.96 x 10? yr |. 
1.21x10 " yr 3.17 x10 


N - Nge ^! ES -R- ANee 7| - Ree 7! 
In(Ry /R 
ENS ott — Ro at= 9) 2 jen UU 
Ro R To In2 

1n(0.25/0.13) 

If R 20.13 Bq, t=5730 yr — — — — = 5 406 yr. 
0.693 
1n(0.25/0.11) 


If R =0.11 Ba, 45 0 6787 yr. 
q Y 0693 y 


The range is most clearly written as | between 5 400 yr and 6 800 yr |, without understatement. 


P44.37 


P44.38 


P44.39 


Chapter 44 


1H nucleusS$He nucleus + e^ +V 


becomes 1H nucleus +e He nucleus *2e^ +V. 


Ignoring the slight difference in ionization energies, 


we have 1H atom He atom + v 


(a) 


(b) 


(c) 


(a) 


(b) 


(c) 


3.016 049 u = 3.016 029 u +0 + g 
c 


Q =(3.016 049 u — 3.016 029 u)(931.5 MeV /u) = 0.018 6 MeV =| 18.6 keV 


For e* decay, 


Q =(Mx - My - 2m,)c? =[39.962 591 u — 39.963 999 u — 2(0.000 549 u) (931.5 MeV /u) 
Q = -2.33 MeV 


Since Q <0, the decay | cannot occur | spontaneously. 


For alpha decay, 


Q-(My - M, - My)c? = [01.905 287 u — 4.002 603 u—93.905 088 u](931.5 MeV/u) 
Q = -224 MeV 


Since Q <0, the decay | cannot occur | spontaneously. 


For alpha decay, 


Q- (Mx - M, - My)c? - [143.910 083 u - 4.002 603 u — 139.905 434 u931.5 MeV/u) 
Q -191 MeV 


Since Q » 0, the decay | can occur | spontaneously. 


e +p>n+yv 


For nuclei, POSqds " Ns 


Add seven electrons to both sides to obtain 150 atomO N atom - v |. 


From Table A.3, m 5o) - m( BN) + g 
c 


Am = 15.003 065 u — 15.000 109 u = 0.002 956 u 
Q =(931.5 MeV/u)(0.002 956 u) =| 2.75 MeV 
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Section 44.6 


P44.40 (a) 


P44.41 


Q 
Particle Emitted 
e 


Natural Radioactivity 


Let N be the number of ??U nuclei and N' be 2° Pb nuclei. 
N' 
NE 


Then N - Nge ^' and No 2 N - N' so N -(N - Ne ^! ore^ =1+ 


Taking logarithms, | At- in + ~ where A= ins 


1/2 
T. ] 
Thus, t= ewes EE + N J 
In2 N 


If x -1.164 for the ?* U^ Pb chain with Ty — 4.47 x 10" yr, the age is: 


9 
(Me (ae) 100x107 yr J 
n 


e ^! 


N' 1-e# 


From above, e^! =1+ A Solving for > gives 


With t — 4.00 x 10° yr and Ty; - 7.04 x 10? yr for the ^U" Pb chain, 


7.04x 108 yr dE 


—3.938 and B. 0.0199 |. 
N 


"EO (In 2)(4.00 x 10° yr) 
Ty» 


With t = 4.00 x 10* yr and Ty; — 1.41 x10" yr for the ^ Th"? Pb chain, 


(1n 2)(4.00 x 10? yr 
At= | - ere A dei 
1.41 x 10 yr N' 


FIG. P44.41 


P44.42 


*P44.43 


P44.44 
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400 x 107? Ci Y 3.70 x10” Bq \ 1.00 x10? L 8 
a 4.00 pCi/L- =| 148 B 
e" ES | IL Í ICi 1m? afm 
T, 4 
iy. Nenn E =(148 Ba/m (258 =| =—_ =| 7.05 x10’ atoms/m? | 
A In2 In2 1d 
1 mol 222g E 
c mass = (7.05 x10’ atoms/m? ( I )- 2.60x10 ^ g/m? 
| / 6.02 x 10? atoms A 1 mol / 
Since air has a density of 1.20 kg / m? , the fraction consisting of radon is 
2.60 x 10-4 3 
fraction = se g/m =| 217x10" 
1200 g/m 
(a) Let x, y denote the half-lives of the nuclei X, Y. 
-Agt 
Rx. E Roe = » g 0685 h)In2)(1/x-1/y) _ 1.04, which gives 
Ry Re^ 
1 1 E 
—-—--0.08260369h . (1) 
Xu 
From the data: x - y 277.2 h. (2) 
Substitute (2) into (1): | — —— -0.082 603 69 ht. 
x x-772h 
This reduces to the quadratic equation 
x? -772x — 934.6 = 0 
which has solutions: x = 87.84 h or -10.64h. 
Thus: x = Ty; x = 87.84 h =| 3.66 days | is the only physical root. 
From (2): y = Tj, y = 87.84 h-77.2 h=| 10.6 h |. 
(b) From Table A.3, X is | "*Ra | and Y is | ??Pb |. 
(c) From Figure 44.18, ?^Ra decays to ?? Pb by | three | successive alpha-decays. 
Number remaining: N=N ERU UC 
Fraction remaining: EUN g ^t Sg OI 
No 
(a) With T, = 3.82 d and t=7.00 d, N= ,-(1n29(7.00)/(882) 7 287 ]. 
0 
(b) | When t=1.00 yr = 365.25 d, i e~(1n2)(365.25)/(3.82) _ | 1,65 x10” |. 
0 
(c) Radon is continuously created | as one daughter in the series of decays starting from the 


long-lived isotope U. 
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Section 44.7 Nuclear Reactions 


P44.45 


P44.46 


P44.47 


P44.48 


P44.49 


Q-[Mz, * M, -Mop =m, Jc? 


Q- [26.981 539 + 4.002 603 — 29.978 314 — 1.008 665] u(931.5 MeV/u)- | -2.64 MeV 


(a) For X, A=244+1-4=21 


and Z-1240-2-10, so Xis| ZNe |. 


(b) A=235+1-90-2=144 


and Z=92+0-38-0=54, 56Xas Xe 


(c) A=2-2=0 


and Z22-1-24, so X must be a positron. 
As it is ejected, so is a neutrino: X-Te* | and | X'=$v |. 
(a) 197 Au+ in> 138 Au 2 Hg + Je+y 


(b) Consider adding 79 electrons: 
17 Au atom+in—> $5 Hg atom+v+Q 


Q= [Mon +m, -M wayyy |e? 
Q - [196.966 552 + 1.008 665 — 197.966 752] u(931.5 MeV/u) =| 7.89 MeV 


Neglect recoil of product nucleus, (i.e., do not require momentum conservation for the system of 
colliding particles). The energy balance gives K emerging = K incident +Q. To find Q: 


Q- (Mi + Ma)- (Ms; + m, |e” 
Q= [(1.007 825 + 26.981 539) — (26.986 705 + 1.008 665)| u(931.5 MeV/u) - -5.59 MeV 


Thus, K emerging = 6.61 MeV —5.59 MeV =| 1.02 MeV |. 


7Be+1.665 MeV jBe-jn, so Msp, = Msg, -$-m, 


(-1.665 MeV) 


1.008 665 u =| 8.0053 u 
931.5 MeV/u 


My, = 9.012 182 u 
4be 


,Bergno 1Be-£ 6.812 MeV, so Mug, = Mog, +m, E 


My, 29012182 u+1.008 665 u- -SL MeV 159155 u 


931.5 MeV/u 
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P44.50 (a) B+ 3He2 2C + IH 


The product nucleus is | 2C |. 


(b) BC+ 1HB + jHe 


The product nucleus is | "2B |. 


P44.51 eU > Rb + 13Cs 4 3In, 


From Table A.3, 


Q- [236.045 562, — 89.914 809 — 142.927 330 — 3(1.008 665) }u(931.5 MeV/u) =| 165 MeV |. 


Section 44.8 | Nuclear Magnetic Resonance and Magnetic Resonance Imagining 


P44.52 
FIG. P44.52 
puB| 2(1913 5)(5.05 x107 J/T)(1.00 T) 
P44.53 (a) w= = = =| 29.2 MHz 
h 6.626 x10 J-s 
2(2.7928)(5.05 x 10-7” J/T)(1.00 T) 
(b) fon = =| 42.6 MHz 
6.626 x10 J-s 
(c) In the Earth’s magnetic field, 
2(2.792 8)(5.05 x 107" (50.0 x 10°) 
= a =| 2.13 kHz |. 
6.626 x 10 
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Additional Problems 


*P44.54 


P44.55 


P44.56 


(a) 


(b) 


(a) 


(b) 


(a) 


With m, and v, as the mass and speed of the neutrons, Eq. 9.23 of the text becomes, after 


2m 
making appropriate notational changes, for the two collisions v, = (7), 


m, +My, 
2m, 
05 -—E—— e Un 
m, +My 


^n (m, +Mz)02 2 (m, +m,)v, 2 2m,v, 
“My (02 — 01) = mv mv, 


M10, —M 0 
Mm, = 171 202 
05 —01 


(1 u)(3.30x107 m/s) - (14 w)(4.70 x 105 m/s) 
m, = A 7 =| 1.16 u 
4.70 x10" m/s—3.30x10° m/s 


Q =[Mope *tMag, -Mnre =m, |c? 
Q= [9.012 182 u + 4.002 603 u — 12.000 000 u — 1.008 665 u|(931.5 MeV/u) =| 5.70 MeV 


Q- DM. - Ms, 7m, | 
Q =[2(2.014 102) - 3.016 029 — 1.008 665] u(931.5 MeV/u) - [ 3.27 MeV (exothermic) | 


At threshold, the particles have no kinetic energy relative to each other. That is, they move 
like two particles that have suffered a perfectly inelastic collision. Therefore, in order to 
calculate the reaction threshold energy, we can use the results of a perfectly inelastic 
collision. Initially, the projectile M, moves with velocity v, while the target M y is at rest. 
We have from momentum conservation for the projectile-target system: 

M,v, 2» (M, * My v.. 


ü 
The initial energy is: E; = Man. 
The final kinetic energy is: 

2 
1 M M 
E; -l(u,-My)o] - (M, *My) c = Ax Bis 
2 2 M,+Mx M,+Mx 

From this, we see that E, is always less than E; and the change in energy, E, — E;, is given by 


5-5- M, f= l Mg I 

M, * Mx M,* Mx 

This loss of kinetic energy in the isolated system corresponds to an increase in mass-energy 
during the reaction. Thus, the absolute value of this kinetic energy change is equal to -Q 
(remember that Q is negative in an endothermic reaction). The initial kinetic energy E; is the 
threshold energy Ep- 


Therefore, -Q- P Ey, 
M,+Mx 
M 
or jm qs zd e £ | 
Mx Mx 


continued on next page 
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(b) First, calculate the Q-value for the reaction: Q Q2 [My 44 Mi, - Moz; - Mya Je 
Q= [14.003 074 + 4.002 603 — 16.999 132 — 1.007 825]u(931.5 MeV/u) =-119 MeV. 


Mx+M, 
Mx 


=| 1.53 MeV |. 


|- (-119 Mev)|1+ ave | 


Then, Ey = d 14.003 074 


P44.57 1H+/ŽLi—> {Be+ gn 
Q=|(Mu * Mi;j) - (Ms, * M, ) (9315 MeV/u) 
Q = [(1.007 825 u «7.016 004 u) - (7.016 929 u + 1.008 665 u)|(931.5 MeV/u) 
Q - (-1765 x10? uJ(931.5 MeV/u) = -1.644 MeV 


7.016 004 


Thus, KE min -( p = EE jo -fi EU Jasu MeV) =| 1.88 MeV |. 


m target nucleus 


1.00 k 
P44.58 (a) N =- — ~~ Voke =[252x10% 


mass peratom (239.05 u)(1.66 x10” kg /u) 


In2 In2 


A=——= ; - -906x10 P s 
Ty, (2.412 x10* yr)(3.156 x10” s/yr) 


(b) 


Ry = AN, - (9106x107 s*)(2.52 x 10) =| 2.29 x10” Bq 


(c) R=R,e“,sot= uz mf E IE : i “2 


A URL Wo (R 
2.29 x10? B 1 
t= 1 in) 2x19 Ba | 338x10% (i) 1.07 x 10* yr 
9106 x10-? s 0.100 Bq 3.156 x 107 s 


P44.59 (a) 2 Co > 3 Fe + Je + o v 


The Q-value for this positron emission is Q = [M sco Msg,-2m ak 


Q = [56.936 296 - 56.935 399 — 2(0.000 549) ]u(931.5 MeV/u) =-0.187 MeV 


Since Q <0, this reaction | cannot spontaneously occur J. 


() GC N+ je* ov 
The Q-value for this e" decay is Q = [M Mc -Muy Fl. 


Q - [14.003 242 — 14.003 074]u(931.5 MeV /u) = 0.156 MeV =156 keV 


Since Q » 0, the decay | can spontaneously occur |. 


(c) The energy released in the reaction of (b) is shared by the electron and neutrino. Thus, 
K, can range from zero to 156 keV |. 
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P44.60 


P44.61 


P44.62 


Nuclear Structure 


(a) 


(b) 


(c) 


(d) 


(a) 


(b) 


(a) 


(b) 


r =r A"? 2120x107 A1? m. 


When A =12, r=| 275x10" m |. 


k(Z-1e (899x10* N-m?/C?\(Z-1(1.60x 10-8 C) 
2 


F= 2 


T T 
When Z =6 and r=2.75x10 m, F2|152N|. 


yg Ehta K-ne (89x10 z- Dire» 10)" 


r r r 
When Z =6 and r-2245x10 P m, U -419x10 P J=] 2.62 MeV |. 
A — 238; Z=92, r2|744x10 ? m F=|379N 
and U = 2.82 x 107 J =| 17.6 MeV |. 


Because the reaction p — n+e* + v would violate the law of | conservation of energy 


m, = 1.007 276 u m, = 1.008665 u m =5.49x107 u. 


Note that M, +m + >M,. 
e Pp 


The | required energy can come from the electrostatic repulsion | of protons in the nucleus. 


Add seven electrons to both sides of the reaction for nuclei N — 3C+e*+v 


to obtain the reaction for neutral atoms '3N atom > C atom+e* «e «v 
2|, (13 13 
Q-c LZ N) = m{ C)-m,, -m -m,] 


Q - (9315 MeV/u)[13.005 739 — 13.003 355 - 2(5.49 x 10-*) - 0s 


Q - (9315 MeV/u)(1.286 x 10? u)- [120 MeV 


A least-square fit to the graph yields: Natural logarithm of counting rate 
as a function of time 
À =-slope = -(-0.250 h™ ) = 0.250 h“ 
and 


In(cpm), | - intercept - 8.30. 


In(cpm) 


A =0.250 h^ E -=| 417x10” min" 
60.0 min 


0 2 4 6 8 10 12 
In2 In2 time (h) 


T. = M" 
V? 7714 — 417x102? min! 


=166 min =| 277 h FIG. P44.62 


continued on next page 


P44.63 


P44.64 


(c) 


(d) 


(a) 
(b) 


(c) 


(a) 


(b) 
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From (a), intercept = In(cpm), - 8.30. 


0 


Thus, (cpm), =e°*? counts/min =| 4.02 x 10° counts/min |. 


Ry i(cpm),  402x10? counts/min _ Seen ide sions 


N = = = = 
^ A4 A Ef (417 x10? min * (0.100) 


The reaction is ' Pm Pra 


Q - (My, - M, - My, )931.5 = (144.912 744 — 4.002 603 — 140.907 648)931.5 =| 2.32 MeV 


The alpha and daughter have equal and opposite momenta Pa=Pa 


2 2 
E. = Pa E = Pa 
2m, 2m 

E, E, p /2m, 1/2m, ma 141 


97.2% | or 


Et EatEa (pz /2m. «(pz /2m4)  (i2m,)-(1/2m,) matma 141-4 | 
2.26 MeV. 

This is carried away by the alpha. 

If AE is the energy difference between the excited and ground states of the nucleus of mass 


M, and hf is the energy of the emitted photon, conservation of energy for the nucleus- 
photon system gives 


AE - hf +E,. (1) 
Where E, is the recoil energy of the nucleus, which can be expressed as 


r- Mo? E (Mo)? 


= 2 
EE 2M (2) 
Since system momentum must also be conserved, we have 
h 
Mo = n. (3) 
C 
2 
(f) 
Hence, E, can be expresses as LT 25 
2Mc 
When hf << Mc? 
we can make the approximation that hf ~ AE 
(AE) 
so E.« 
' [2Mc? 
(AE) 
E, - 3 where AE — 0.014 4 MeV 
2Mc 
and Mc? - (57 u)(931.5 MeV/u) 2 5.31x10* MeV. 


2 

(144x107? MeV) : 

Therefore, E, = =|1.94x10™ eV |. 
2(5.31 x 104 MeV) 
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P44.65 (a) One liter of milk contains this many K nuclei: 


N - (200 [e wu 7 


=3.60 x 10? nuclei 
39.1 g/mol 100 


P» In2 _ In2 ( lyr 
Ty, 128x10? yr \3.156 x10’ s 


R=AN =(L72x10-Y s*\(3.60x10'*) =| 618 Bq 


2172x107 s7! 


In2 


(b) For the iodine, R=Rye*' with — A= 
8.04 d 


p= 1 i “| - en | 103 d 


a R In2 61.8 


P44.66 (a) For cobalt—56, 


_In2_ In2 pss 


-328 yr |. 


1yr 
The elapsed time from July 1054 to July 2003 is 949 yr. 
R= Re^ 


: F R E -(3.28 yr ! (949 yr - -(In10)1 353 - 
implies Lg el yr”) yr) _ -8116 _ ,-(Inl0)1353 _[ _ 10133], 


(b) For carbon-14, 


=1.21x10~ yr! 
y 


R -at p (121x107 yr™)(949 yr) — e2115 _ [0.892 


P44.67 We have Nas = No, 350 7" 


and Nass = No, 386 ^29 
Ns = 0.007 25 = p DYT, 235 *(In2)t/T;, as) 
N 338 

Taking logarithms, 


493 2 à m 
0.704x10* yr 447x10" yr 


or 4.93 | i : n 2)t 


+ 
0.704x10? yr 4.47x10° yr 


4.93 


Ts (-1.20x10? yr! )In2 


5.94 x 10? yr |. 
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P44.68 (a) Add two electrons to both sides of the reaction to have it in energy terms: 


41H atom 5 5He atom - Q Q - Amc? =[4M.,, Maye? 
1 2 


-13 
Q - [4(1.007 825 u) - 4.002 603 u (931.5 MeV/u) A] -|428x10 7] 


1MeV 


1.99 x 10? ke 


(b) = = =| 119x10” atoms |- 1.19 x 10°” protons 
1.67x10 ^ kg/atom 
(c) The energy that could be created by this many protons in this reaction is: 
-12 
(119x107 protons) 228x107 T 13731057 
4 protons 
45 
ge so ipa) eT SE N 6107 bilhon years |. 


At $ 377x107 W 


P44.69  E=-u-B so the energies are E, =+uB and E; = -uB 


u - 279281, and u, 2505x107 J/T 


AE = 2uB = 2(2.7928)(5.05 x10" J/T)(12.5 T) 23.53 x10” J=| 22010 eV |. 


P4470 (a) 


In2 n2 1yr 


=== ; Jesrao? s 
Ty, 527 yr \ 3156 x 10 s 


7 
t = 30.0 months = (2.50 "(Bees -7.89x107 s 
yr 


R2 Ree ^! 2 (ANo)e ^! 


10. 1 7 1 10 B n P . 
an, (Be _| (40.0 ci(370 10" Bqjci) (437.00? sraao 5 
A 417 x10? s! 


Ny 2123 x10? nuclei 


59.93 g/mol 
6.02 x 107 atoms/mol 


Mass = (1.23 x 107 son =1.23 x10 g-|123 mg 


(b) We suppose that each decaying nucleus promptly puts out both a beta particle and two 
gamma rays, for 


Q = (0.310 + 1.17 +1.33)MeV = 2.81 MeV 
$- QR - (281 MeV)(1.6 x10" J/MeV (3.70 x10" s“) =| 0.166 W 
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Ze 


P44.71 TC mem 
(4/3)z R 


For an electric charge density p = 


Using Gauss's Law inside the sphere, 


(4/3)ar? 


€ 


Ze i 1 


E.Agr? = : 
(4/3)z R? 


We now find the electrostatic energy: 


Z?e? | RË 1 
= + 
8re; 5RÓ R 


P44.72 (a) 


For the electron capture, 


The disintegration energy is 


Electron capture is allowed 


For positron emission, 


93 0 93 
4lc* 1e 5Mo-cy. 
Q- [Ms - Ms, fe 

B Tc 93 Mo j 


Q - [92.910 2 - 92.906 8]u(931.5 MeV/u) = 3.17 MeV > 2.44 MeV 


+ 93 
in 5 Mo. 


to all specified excited states 


93 93 0 
alc pMo+ ,e-y. 


The disintegration energy is Q' = [M Bre Mosmo - 2m ak 


Q' = [92.910 2 - 92.906 8 — 2(0.000 549) |u(931.5 MeV/u) = 2.14 MeV 


Positron emission can reach “Te 


the 1.35, 1.48, and 2.03 MeV states 


but there is insufficient energy to 
reach the 2.44 MeV state. 


(b) 


The daughter nucleus in both forms of 


93 
4 Mo |. 


decay is 


3.17 MeV 
2.44 MeV 
2.03 MeV 


1.48 MeV 
1.35 MeV 


FIG. P44.72 


Chapter 44 593 


P44.73 K= ne, 


2(0.040 0 eV)(1.60 x 10? J/eV 
so v= jes = l Y a / ) = 2.77 x10? m/s. 
m 1.67 x10“ kg 


4 
The time for the trip is t = NE MLCNM 3.61s. 
v 


2.77 x10? m/s 


The number of neutrons finishing the trip is given by N = Noe ^'. 


The fraction decaying is 1— = = 1-6 0PM = 1 — (in 2)(3-61 9/6248) _ 0.004 00 =| 0.400% |. 
0 


P44.74 (a) If we assume all the "Sr came from * Rb, 
then N - Nge ^ 


- T, 
yields t= : In Ancus zi En 
A (No) In2 (N 


and No = Nor-g7 + Ng a7 
475 x 10? yr 10 9 
A R 1.82 x 10 eve =]3.91x10" yr |. 
In 2 1.82x10 

(b) It could be | no older |. The rock could be younger if some "Sr were originally present. 
P44.75 R= Roexp(-At) lets us write InR=InR, - At In R 

which is the equation of a straight line with |slope| =Å. 

The logarithmic plot shown in Figure P44.75 is fitted by 8 

In R = 8.44 — 0.262t . 

If t is measured in minutes, then decay constant 4 is 0.262 per 

minute. The half-life is 7 

Da ms. Lone eco 

A 0.262/min 
The reported half-life of 137 Ba is 2.55 min. The difference 69 1 i 5 2 E i 7 i á ig! (min) 
reflects experimental uncertainties. 
FIG. P44.75 

ANSWERS TO EVEN PROBLEMS 
P44.2 (a) 7.89 cm and 8.21 cm; P44.8 a nucleus such as Si with A —30 


(b) see the solution 
P44.10 — 611 PN toward the other ball 
P44.4 (a) 29.5 fm; (b) 5.18 fm; (c) see the solution 
P4412  (a)48; (b) 3; (c) 46 (d) 1 
P44.6 25.6 MeV 
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P44.14 


P44.16 


P44.18 


P44.20 


P44.22 


P44.24 


P44.26 


P44.28 


P44.30 


P44.32 


P44.34 


P44.36 


P44.38 


P44.40 


P44.42 


(a) 1.11 MeV/nucleon; 
(b) 7.07 MeV/nucleon; 
(c) 8.79 MeV/nucleon ; 
(d) 7.57 MeV/nucleon 


0.210 MeV greater for * Na because it has 
less proton repulsion 


(a) 84.1 MeV ; (b) 342 MeV; (c) The nuclear 
force of attraction dominates over 
electrical repulsion 


7.93 MeV 
(a) see the solution; 

R.R , 
(b) z and e ; see the solution 
0.200 mCi 


41.8 TBq 


86.4 h 


RoTy2 


aa E 2 hin ) 
In2 


(a) see the solution; (b) see the solution; 
(c) see the solution; 10.9 min; 


In(44/À 
(d) Ey 2 nay), yes 
Ay -43 


(a) $5 Ni ; (b) Pb; (c) 2Co; (d) 1e; 
(e) iH 


between 5 400 yr and 6 800 yr 


(a) cannot occur; (b) cannot occur; 
(c) can occur 


(a) 4.00 Gyr; (b) 0.019 9 and 4.60 


(a) 148 Bq/m’ ; (b) 7.05 107 atoms/m?; 
(c) 217 x 107 


P44.44 


P44.46 


P44.48 


P44.50 


P44.52 


P44.54 


P44.56 


P44.58 


P44.60 


P44.62 


P44.64 


P44.66 


P44.68 


P44.70 


P44.72 


P44.74 


(a) 0.281; (b) 1.65 x10”; 
(c) see the solution 


(a) igNe; (b) "Xe; (c) 1e" and gv 

1.02 MeV 

(a) '$C; (b) SB 

see the solution 

(a) see the solution; (b) 1.16 u 

(a) see the solution; (b) 1.53 MeV 

(a) 2.52 x 10%; (b) 2.29 TBq; (c) 1.07 Myr 


(a) 2.75 fm; (b) 152 N; (c) 2.62 MeV ; 
(d) 7.44 fm, 379 N, 17.6 MeV 


(a) see the solution; 

(b) 417 x 10? min !; 2.77 h; 
(c) 4.02 x 10° counts/min; 
(d) 9.65 x 10° atoms 


(a) see the solution; (b) 1.94 meV 
(a) ~ 10718; (b) 0.892 


(a) 4.28 pJ; (b) 1.19 x 107 atoms; 
(c) 107 Gyr 


(a) 12.3 mg; (b) 0.166 W 


(a) electron capture to all; positron 
emission to the 1.35 MeV , 1.48 MeV , and 
2.03 MeV states; (b) A Mo; see the solution 


(a) 3.91 Gyr; (b) No older; it could be 


younger if some "Sr were originally 
present, contrary to our assumption. 
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CHAPTER OUTLINE 


ANSWERS TO QUESTIONS 
45.1 Interactions Involving 


Neurons.. Q45.1 A moderator is used to slow down neutrons released in the 
45.2 Nuclear Fission 


45.3 Nuclear Reactors fission of one nucleus, so that they are likely to be absorbed by 


45.4 Nuclear Fusion another nucleus to make it fission. 
45.5 Radiation Damage 
45.6 Radiation Detectors 


457 ..Üsss-or Radiation Q45.2 The hydrogen nuclei in water molecules have mass similar to 


that of a neutron, so that they can efficiently rob a fast-moving 
neutron of kinetic energy as they scatter it. Once the neutron is 
slowed down, a hydrogen nucleus can absorb it in the reaction 
n+ iH > 2H. 


Q45.3 The excitation energy comes from the binding energy of the 
extra nucleon. 


Q45.4 The advantage of a fission reaction is that it can generate much more electrical energy per gram of 
fuel compared to fossil fuels. Also, fission reactors do not emit greenhouse gasses as combustion 
byproducts like fossil fuels—the only necessary environmental discharge is heat. The cost involved 
in producing fissile material is comparable to the cost of pumping, transporting and refining fossil 
fuel. 

The disadvantage is that some of the products of a fission reaction are radioactive—and some 
of those have long half-lives. The other problem is that there will be a point at which enough fuel is 
spent that the fuel rods do not supply power economically and need to be replaced. The fuel rods 
are still radioactive after removal. Both the waste and the "spent" fuel rods present serious health 
and environmental hazards that can last for tens of thousands of years. Accidents and sabotage 
involving nuclear reactors can be very serious, as can accidents and sabotage involving fossil fuels. 


Q45.5 The products of fusion reactors are generally not themselves unstable, while fission reactions result 
in a chain of reactions which almost all have some unstable products. 


Q45.6 For the deuterium nuclei to fuse, they must be close enough to each other for the nuclear forces to 
overcome the Coulomb repulsion of the protons—this is why the ion density is a factor. The more 
time that the nuclei in a sample spend in close proximity, the more nuclei will fuse—hence the 
confinement time is a factor. 
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Q45.7 


Q45.8 


Q45.9 


Q45.10 


Q45.11 


Q45.12 


Q45.13 


Q45.14 


Q45.15 


In a fusion reaction, the main idea is to get the nuclear forces, which act over very short distances, to 
overcome the Coulomb repulsion of the protons. Tritium has one more neutron in the nucleus, and 
thus increases the nuclear force, decreasing the necessary kinetic energy to obtain D-T fusion as 
compared to D-D fusion. 


The biggest obstacle is power loss due to radiation. Remember that a high temperature must be 
maintained to keep the fuel in a reactive plasma state. If this kinetic energy is lost due to 
bremsstrahlung radiation, then the probability of nuclear fusion will decrease significantly. 
Additionally, each of the confinement techniques requires power input, thus raising the bar for 
sustaining a reaction in which the power output is greater than the power input. 


Fusion of light nuclei to a heavier nucleus releases energy. Fission of a heavy nucleus to lighter 
nuclei releases energy. Both processes are steps towards greater stability on the curve of binding 
energy, Figure 44.5. The energy release per nucleon is typically greater for fusion, and this process is 
harder to control. 


Advantages of fusion: high energy yield, no emission of greenhouse gases, fuel very easy to obtain, 
reactor can not go supercritical like a fission reactor, low amounts of radioactive waste. 

Disadvantages: requires high energy input to sustain reaction, lithium and helium are scarce, 
neutrons released by reaction cause structural damage to reactor housing. 


The fusion fuel must be heated to a very high temperature. It must be contained at a sufficiently 
high density for a sufficiently long time to achieve a reasonable energy output. 


The first method uses magnetic fields to contain the plasma, reducing its contact with the walls of 
the container. This way, there is a reduction in heat loss to the environment, so that the reaction may 
be sustained over seconds. 

The second method involves striking the fuel with high intensity, focused lasers from multiple 
directions, effectively imploding the fuel. This increases the internal pressure and temperature of 
the fuel to the point of ignition. 


No. What is critical in radiation safety is the type of radiation encountered. The curie is a measure of 
the rate of decay, not the products of the decay or of their energies. 


X-ray radiation can cause genetic damage in the developing fetus. If the damaged cells survive the 
radiation and reproduce, then the genetic errors will be replicated, potentially causing severe birth 
defects or death of the child. 


For each additional dynode, a larger applied voltage is needed, and hence a larger output from a 
power supply—" infinite" amplification would not be practical. Nor would it be desirable: the goal is 
to connect the tube output to a simple counter, so a massive pulse amplitude is not needed. If you 
made the detector sensitive to weaker and weaker signals, you would make it more and more 
sensitive to background noise. 


Q45.16 
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Sometimes the references are oblique indeed. Some must serve for more than one form of energy or 


mode of transfer. Here is one list: 


kinetic: ocean currents 

rotational kinetic: Earth turning 

gravitational: water lifted up 

elastic: Elastic energy is necessary for sound, listed below. 
internal: by contrast to a chilly night; or in forging a chain 
chemical: flames 

sound: thunder 

electrical transmission: lightning 

electromagnetic radiation: heavens blazing; lightning 


atomic electronic: In the blazing heavens, stars have different colors because of different 
predominant energy losses by atoms at their surfaces. 
nuclear: The blaze of the heavens is produced by nuclear reactions in the cores of stars. 


Remarkably, the word "energy" in this translation is an anachronism. Goethe wrote the song a few 


years before Thomas Young coined the term. 


SOLUTIONS TO PROBLEMS 


Section 45.1 Interactions Involving Neutrons 


Section 45.2 Nuclear Fission 


*P45.1 


P45.2 


P45.3 


P45.4 


P45.5 


P45.6 


The energy is 


M 


- 2 
3.30 x 102° Í LeV IE U-235 =a 35g 


1.60x10 P J 208 MeV 6.02 x 10? nucleus 


Am -(m, * My)- (Mz, +Mre +3m,) 


I 


10° 


le 0.387 g | of U-235. 


Am = (1.008 665 u + 235.043 923 u)- (97.912 7 u+134.916 5 u+3(1.008 665 u)) 


Am = 0.197 39 u 2 3.28 x 10 75 kg so Q = Amc? 2295x10 !! J=| 184 MeV 


Three different fission reactions are possible: in + DU > A Sr + 


iat Sus ers ena DTExe] a esis 
1. , 238 239 239 -5 239 239 -5 
ont XU U > “o3Npt+e +v 93 Np— “o4Pu+e +v 
1, | 232 233 233 -5 233 233 -5 
ont "gh ^gIho Pa+e +v o; Pa “Q,Ut+e +y 


(a) Q =(Am)c? =[m,, + Muss - Mgai4ı 7 Mao am, |e” 


144 
54 


142 
54 


144 


Xe+ 2jn s4Xe 


142 
54 Xe 


Xe + 4in 


Am = [(1.008 665 + 235.043 923) — (140.914 4 + 91.926 2 + 3 x 1.008 665) |u = 0.185 993 u 


Q = (0.185 993 u)(931.5 MeV/u) = 


Am _ 0.185993 u 
m; 236.05 u 


(b) f =7.88 x10™ =| 0.078 8% 
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*P45.7 


P45.8 


P45.9 


(a) The initial mass is 1.007 825 u + 11.009 306 u = 12.017 131 u. The final mass is 


3(4.002 603 u) = 12.007 809 U The rest mass annihilated is Am = 0.009 322 u. The energy 


E MeV 


created is Q = Amc” = 0.009 322 ul =| 8.68 MeV |. 


(b) The proton and the boron nucleus have positive charges. The colliding particles must have 
enough kinetic energy to approach very closely in spite of their electric repulsion. 


If the electrical power output of 1 000 MW is 40.0% of the power derived from fission reactions, the 
power output of the fission process is 


1000 MW 


4M 7 (2.5010? J/s)(8.64 x 10* s/d) - 216 x10" J/d. 


1 fission 1eV 
200x105 eV À 1.60x10 ? J 


The number of fissions per day is (2.16 x 10" yay | - 674x107 d^. 


This also is the number of U nuclei used, so the mass of ??U used per day is 


235 g/mol 
6.02x10? nuclei/mol 


2.63 kg/d |. 


(674 x10?! mucky -263x10? g/d= 


In contrast, a coal-burning steam plant producing the same electrical power uses more than 
6x 10° kg/d of coal. 


The available energy to do work is 0.200 times the energy content of the fuel. 


(208)(1.60 x 10? J 
(1.00 kg fuel)(0.034 0 *°U /fuel) zee | eek (6.02 x10% /mol) X — | -290x10? J 
1kg A235g fission 


(2.90 x 10? J)(0.200) = 5.80 x 10" J= (1.00 x 10° N)Ar 


Ar 2 5.80x10* m=] 5.80 Mm 


Section 45.3 


P45.10 (a) 


(b) 


(c) 


(d) 


Nuclear Reactors 


For a sphere: 


For a cube: 


V=% 


For a parallelepiped: V = 2a? 


joy? so 


Therefore, the 


sphere has the least leakage 


and the 


parallelepiped has the greatest leakage 


=| 6.30V 71° |. 


for a given volume. 
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6 


10 
P45.11 mass of ^?U available ~ (0.007 (10? metric d =7x10" g 
1 metric ton 


7x10" g 


ud x10? nudei/mol) - 1.8 x10 nuclei 
g/mo 


number of nuclei « | 


The energy available from fission (at 208 MeV/event) is 
Ex(18x10™ events)(208 MeV/event)(1.60 10? J/MeV) - 60 x 10? J. 


This would last for a time interval of 


0x10? 1 
abu EO T _ (8.6 x10" (4) 3000 yr |. 
9. 70x10? J/s 316x107 s 


P45.12 In one minute there are = m 5.00 x 10* fissions. 


ms 


y^^? =| 2.68 x 109 |. 


So the rate increases by a factor of (1.000 25 


P4513 =10.0 MW -1.00x107 J/s 


If each decay delivers 1.00 MeV = 1.60 x 10? J, then the number of decays/s =| 6.25 x 10? Bq |. 
y y q 


Section 45.4 Nuclear Fusion 


P45.14 (a) The Q value for the D-T reaction is 17.59 MeV. 


Specific energy content in fuel for D-T reaction: 
(17.59 MeV)(160x10-? J/MeV) 
(5 u(1.66 1077 kg/u) 


= 3.39x10" J/kg 


3.00 x 10° J/s)(3 600 s/hr 
fpr = | 7 sk E hr) =| 31.9 g/h burning of D and T |. 
(3.39 10" J/kg(10? kg/g) 


(b) Specific energy content in fuel for D-D reaction: Q = —(3.27 + 4.03) 2 3.65 MeV average of 


L 
2 
two Q values 

(3.65 MeV)(1.60x10-" J/MeV) 


-8.80x10P J/k 
(4 u(1.66 x 10°” kg/u) a 


(3.00 10° J/s)(3.600 s/hr) i gh baming oD 
f e = urning o . 
°° (880x109 J/kg)\(10° kg/g) : : 
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P45.15 (a) At closest approach, the electrostatic potential energy equals the total energy E. 


k.(Z1e)(Ze) 


Tmin 


: (8.9910? N-m?/C?)(16x10-? C) z;z, 
" 100x104 m E 


(23010 J]z;Z; |. 


(b) For both the D-D and the D-T reactions, Z4 = Z, =1. Thus, the minimum energy required in 


both cases is 


144 keV |. 


E - (230x107 if EMO i 


1.60 x10” J 


Section 45.4 in the text gives more accurate values for the critical ignition temperatures, of 
about 52 keV for D-D fusion and 6 keV for D-T fusion. The nuclei can fuse by tunneling. A 
triton moves more slowly than a deuteron at a given temperature. Then D-T collisions last 
longer than D-D collisions and have much greater tunneling probabilities. 


P4516 (a) Tj =P + Py = (120x107 ma)? +(3) |=| 324x107 m 


ke? (899x10* N-m?/C? 160x107? CJ' 


b U; === =7.10 x107" J =| 444 keV 
i IE 324x105 m J 
(c) Conserving momentum, mp; 7 (mp * m4 v, or zl Mp Je [ 
Mp ny 5 
(d) K;+U;=K;+U;: K n +mr)o? +U Siy +m jn j 2 +U 
i DTE f i 72 D TJ" f ORC D T mp +My Ui f 
K;+0= ae 
Mp +My 


m 
1-——P_|K,;=U,: K;=U 
| dd f ng 


(e) Possibly by tunneling. 


P45.17 (a) Average KE per particle is ST - Qu. 


Gea [amet et, -Í 
| 


Em un. > (444 keV) =| 740 keV 


Bk T -23 8 
Werden en eae 3(138x10 7 J/K)(4.00 x 10° K) 
Y m d 2(1.67 x10 77 kg) 
(b) LX. 01m _ —107 s 


v 10° m/s 


5229x105 m/s |. 


P45.18 (a) 
(b) 
P45.19 (a) 
(b) 
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1609 m 


3 
V - (317 x10 wf : =1.32 x10 m? 
mi 


Mater = PV = (10? kg/m? (132x107 m?) - 1.32 10" kg 


M 
mg, =| ——2- myo -( ane \(L32x10” kg)=1.48x10” kg 
a Mage | ABIS 


M Deuterium = (0.030 0%) my, = (0.030 0 x 107 (1.48 107? kg) = 4.43 x 105 kg 
The number of deuterium nuclei in this mass is 


N= MDeuterium _ 4.43 x 1076 kg 


-133x10*. 
Mpeuteron — (2014 u)(L66x 10 7 kg/u) 


Since two deuterium nuclei are used per fusion, H+ {H > 3He+Q, the number of events 


is io 6.63 x 102. 


The energy released per event is 
Q- [Mi +My -Miye ke = [2(2.014 102) — 4.002 603 |u(931.5 MeV/u) = 23.8 MeV. 


The total energy available is then 


=| 2.53x107 J |. 


1 MeV 


~ (Zp = (66310 aas mev 08071) 


The time this energy could possibly meet world requirements is 


spe. Oe) = (3.61 x10" d E 
^  100(7.00x10" J/s) 3.16 x10’ s 


1.14x10° yr |~1 billion years. 


Including both ions and electrons, the number of particles in the plasma is N = 2nV where n 
is the ion density and V is the volume of the container. Application of Equation 21.6 gives 
the total energy as 


i 
2 


E-|17x10? J 


From Table 20.2, the heat of vaporization of water is L, = 2.26 x 10° J/kg. The mass of water 
that could be boiled away is 
E 1.7x107 J 


m=—= 5 =| 7.3 kg |. 
L, 2.26x10° J/kg 


10° cm? 


E = Ž NkgT =3nVkgT =3(2.0x10" cm (0 zl : Jas x10? J/KJ(40105 K) 
m 
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P45.20 (a) Lawson’s criterion for the D-T reaction is nz >10" s/ cm? . For a confinement time of 


t =1.00 s, this requires a minimum ion density of n =| 10 cm ? |. 


b At the ignition temperature of T = 45 x 107 K and the ion density found above, the plasma 
8 P y P 
pressure is 


P-Onk- 0" a eel as x10? J/K((45x10" K)=| 124x105 J/m? |. 


m 
(c) The required magnetic energy density is then 
p? 
ug => —210P- 10(1.24x 10° J/m*)=1.24x10° J/m?, 
Ho 


B> ]2(47x107 N/A?)(1.24x10° J/m*) -[177 T] 


P45.21 Let the number of Li atoms, each having mass 6.015 u, be N, while the number of 7Li atoms, each 
with mass 7.016 u, is N3. 


0.925 
Then, Ng _ 7.50% of nme = 0.075 O(N T N;), or N; = Gee 
Also, total mass =[N,(6.015 u)+ N,(7.016 u) (1.66 x10” kg /u) = 2.00 kg, 
0.925 Los 
N,| (6.015 u) + 7.016 u) [166x107 kg/u|- 2.00 kg. 
or |J u) | AE J, J x g/u) g 


This yields N, =| 1.30 x10” | as the number of °Li atoms and 


N, = Aes 130x107) 1.61 x 1076 | as the number of "Li atoms. 


P45.22 The number of nuclei in 1.00 metric ton of trash is 


6.02x10? nuclei/mol 
56.0 g/mol 


N «1000 kg(1000 g/kg) = 1.08 x10? nuclei. 


At an average charge of 26.0 e/nucleus, q= (1.08 x10” \(26.0)(1.60 x 10) =4.47 x10" C. 


p21 _ 447x107 


o ney = 4.47 x10* s=] 12.4h |. 
. x 


Therefore 
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Section 45.5 Radiation Damage 


P45.23 Ny = 


mass present _ 5.00 kg 


= 3.35 x10? nuclei 


and 


giving 


mass of nucleus (89.9077 u)(1.66 x10” kg/u) 


In2 In2 


A-—- -238x10? yr! 2 452x10 ? min! 
Ty, 291yr 


Ro = AN, - (45210 * min (335x107) =1.52x10"° counts/min 


R 10.0 ts/mi 
=e% = = ME Geog 
Ro 1.52x10? counts/min 


At= —In(6.60 x 107) = 39.6 


39.6 39.6 
t= J -2 -1 
A —238x10? yr 


=| 1.66 x 10? yr |. 


P45.24 Source: 100 mrad of 2-MeV -rays/h at a 1.00-m distance. 


(a) 


(b) 


P45.25 (a) 


(b) 


P45.26 (a) 


(b) 


For y-rays, dose in rem = dose in rad. 


Thus a person would have to stand | 10.0 hours | to receive 1.00 rem from a 100-mrad/h 


source. 


If the y-radiation is emitted isotropically, the dosage rate falls off as L, 
r 


Thus a dosage 10.0 mrad/h would be received at a distance r = /10.0 m=] 3.16 m |. 


The number of x-rays taken per year is 


n -(8 x-ray/d)(5 d/wk)(50 wk/yr) 2 20x10? x-ray/yr. 


5.0 rem/yr 


The average dose per photograph is -|25x10? rem/x-ray l 


2.0x10° x- ray/yr 


The technician receives low-level background radiation at a rate of 0.13 rem/yr. The dose of 
5.0 rem/yr received as a result of the job is 


SOENE =| 38 times background levels |. 
0.13 rem/yr 
I= Ige “*,so r= m22) 
Hu I 
: aJ l, 1 
With 421.59 cm, the thickness when I =— is = = In(2) =| 0.436 cm |. 
2 1.59 cm 
n 1 


When 7-100 10*, — Jj In(.00 104) - [579 cm |. 
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P45.27  lrad-10^? J/kg Q=mcAT PAt=mcAT 
4186 J/kg-°C)(50.0°C 
apa AT _ ml us KO [a 09: 1058 eA days 
g (10 (10? J/kg -s\(m) 


Note that power is the product of dose rate and mass. 


Q absorbed energy 07? — 


P45.28 - (1000 rad)? 58 0 J/kg 


m unit mass 


The rise in body temperature is calculated from Q — mcAT where c = 4186 J/kg for water and the 
human body 


1 


— — — ——— 212.39 x10?*C | (Negligible). 
4186 J/ke-°C a ice ene) 


AT = x - (10.0 J/kg) 


P45.29  Ifhalf of the 0.140-MeV gamma rays are absorbed by the patient, the total energy absorbed is 


(0.140 MeV)|( 1.00x 10? g \ 6.02x10? nuclei 
" 2 98.9 g/mol 


= 4.26 x10? MeV 
1 mol 


=(4.26 x 10” MeV\(1.60x10™ J/MeV) =0.682 J 


Thus, the dose received is Dose = Dona Had -|114rad |. 
60.0 kg| 10 ^ J/kg 


6.02x10? nuclei/mol 
899 g/mol 


P45.30 The nuclei initially absorbed are No = (1.00 x10? «| - 6.70 x10”. 


The number of decays in time t is AN =N,-N= No(1 eu) = N(1 e (Ty; ) 


£ 100yr 


At the end of 1 year, = 0.034 4 
Tj 29.1 ye 
and AN =No -N «(670x107 (1- e 9955) 2158 x 10", 
The energy deposited is E = (158 x 10" (1.10 MeV)(1.60x107? J/MeV)- 0.0277 J. 
0.027 7 
Thus, the dose received is Dose = | 700k 3)- = | 3.96 x10% J/kg |=0.039 6 rad. 


Section 45.6 Radiation Detectors 


E (1/2)C(AV)? (1/2)(5.00 x10 rJ(100x10? v)" 


P45.31 (a) - - 3 =| 342x107 
Ep 0.500 MeV (0.500 MeV)(L60x10 ? J/MeV) 
C(AV) (5.00x 107 F}(1.00 x 10° V 
(b) N= SEM). | Jer ) =| 3.1210" electrons 
e e 1.60 x107 C 
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P45.32 (a) E; =10.0 eV is the energy required to liberate an electron from a dynode. Let n; be the 
number of electrons incident upon a dynode, each having gained energy e(AV) as it was 
accelerated to this dynode. The number of electrons that will be freed from this dynode is 


N; = en 
E, 
1)e(100 V 
At the first dynode, n; =1 and NQ- Deo V) - | 10! electrons |. 
10.0 eV 


_ (10")e(100 V) E 
10.0 eV 
(107)e(100 V) 
^ —100eV — 
Observing the developing pattern, we see that the number of electrons incident on the 


b For the second dynode, n. = N, =10!, so 
( ) y i 1 


2 


10°. 


At the third dynode, n; = N, - 10? and n 


seventh and last dynode is n, = N =| 10° |. 


(c) The number of electrons incident on the last dynode is n, = 10°. The total energy these 
electrons deliver to that dynode is given by 


E =n,e(AV) = 10° e(700 V — 600 V) =| 10° eV |. 


P45.33 (a) The average time between slams is 60 min/38 = 1.6 min. Sometimes, the actual interval is 
nearly zero. Perhaps about equally as often, it is 2 x 1.6 min. Perhaps about half as often, it is 
4x1.6 min. Somewhere around 5 x 1.6 min =| 8.0 min |, the chances of randomness 


producing so long a wait get slim, so such a long wait might likely be due to mischief. 


(b) The midpoints of the time intervals are separated by 5.00 minutes. We use R= Roe ^*. 
Subtracting the background counts, 


337 —5(15) =[372- 5(15)]e(" 2/T, (5.00 min) 


Or In EJ = In (0.882) = -3.47 min/T; ;; which yields Tj =| 27.6 min |. 
297 
(c) As in the random events in part (a), we imagine a +5 count counting uncertainty. The 
smallest likely value for the half-life is then given by 
262-5 f f 
(2 E 5) =-3.47 min/T; 5, or (T, ja yas = 21.1 min. 


The largest credible value is found from 


26245 a | 
ne = 5) - -347 min/T, 2, yielding (T, ahoi =38.8 min. 
Thus,  Tj5- E : 211 | N (ss : 211 | E E TTE 
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Section 45.7 Uses of Radiation 


P45.34 


P45.35 


P45.36 


The initial specific activity of ” Fe in the steel, 


 200,4Ci 1004Ci E x 10* Bq 


(R/m), 


= 3.70 x10° Bq/kg. 
0.200kg kg 14Ci TEEPE 


4i 

After 1 000 h, 2-(23) e ^! - (870x105 Ba/kg)e 6" h*)(1000b) 155. 196 Bq/kg. 

m Xm jo 

T ; 800 . : 
The activity of the oil, Roy = 00 Bq/liter (6.50 liters) = 86.7 Bq. 
Therefore, Min oi = Roi _ see -445x10? kg. 
(R/m) 1.95x10° Bq/kg 

445 x10? 

So that wear rate is eu. UK 4.45x10° kg/h |; 
1000 h 


The half-life of ^O is 70.6 s, so the decay constant is 2 = Ing. = me 


= = 0.009 82 «1. 
Tip 2706s 


_ -1 
The “O nuclei remaining after five min is N = Noe ^' = (10' Je DE Me 5.26 x 10°. 


The number of these in one cubic centimeter of blood is 


3 3 
w-( T0 eim )- Gase [0899-2 


total vol. of blood 2000 cm? 


and their activityis R = AN’ - (0.009 82 s! (2.63 x 10°) = 2.58 x 10? Bq| ~ 10° Bq |. 


4 
JU Me a Sinks only 50% of the photons are 
1.04 MeV 


detected, the number of Cu nuclei decaying is twice this value, or 1.92 x 10*. In two half- 


(a) The number of photons is 


lives, three-fourths of the original nuclei decay, so SN o = 192x10* and N, = 2.56 x 10*. This 


is 1% of the 9Cu, so the number of 9Cu is 2.56 x 10°} ~10° |. 


(b) Natural copper is 69.17% 9 Cu and 30.83% 9 Cu. Thus, if the sample contains Nc, copper 
atoms, the number of atoms of each isotope is 


Ne 20.6917N(, and Ng = 0.308 3N,. 


Na, _ 0.6917 g (217) " (oe 
63 65 


Therefore, — = 
Ng 0.083 0.3083 0.3083 


Jess x 10*) =5.75x10°. 


The total mass of copper present is then Mey = (62.93 u)N e3 + (64.93 u)Nes: 


mcu = |(62.93)(5.75 x 10°) + (64.93)(2.56 x 10*)|u (1.66 x10 g/u) 


-877x10 5 g | —10 P g 


P45.37 (a) 


(b) 
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Starting with N =0 radioactive atoms at t = 0, the rate of increase is (production - decay) 


DS =R-AN so dN =(R-AN)dt. 
The variables are separable. 

N t 

R-AN 

J aN = [at: : nf j 

QRSAN- G A R 
so inf SN) at and ore 

R R 
Therefore, 1-4N=e% N= E : 
R A 


The maximum number of radioactive nuclei would be 


Additional Problems 


P45.38 — (a) 
(b) 
P45.39 (a) 
(b) 


Suppose each ??U fission releases 208 MeV of energy. Then, the number of nuclei that 
must have undergone fission is 
totalrelease — — 5x10? J 


energy per nuclei (208 MeV)(1.60 x10 8 J/MeV) 


=|15x10™ nuclei |. 


| 15 x10% nuclei 
mass = 


235 g/mol) x| 0.6 k 
6.02 x 10? e i g/mol) i 


At 6x10? K, the average kinetic energy of a carbon atom is 


Ž kT - (L5 8.625107? eV/K)(6x 10° K)=|8x10* eV 


Note that 6 x 10? K is about 6? = 36 times larger than 1.5 x 107 K, the core temperature of 
the Sun. This factor corresponds to the higher potential-energy barrier to carbon fusion 
compared to hydrogen fusion. It could be misleading to compare it to the temperature 

— 10? K required for fusion in a low-density plasma in a fusion reactor. 


The energy released is 
E= [2m(c? ) = m(Ne? ) B m(He*) |? 


E = (24.000 000 — 19.992 440 — 4.002 603)(931.5) MeV =| 4.62 MeV 


In the second reaction, 
E =[2m(c?)-m(Mg™)|931.5) Mev/u 


E = (24.000 000 — 23.985 042)(931.5) MeV =| 13.9 MeV 


continued on next page 
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(c) The energy released is the energy of reaction of the number of carbon nuclei in a 2.00-kg 
sample, which corresponds to 


6.02x10? atoms/mol |( 4.62 MeV/fusion event 1 kWh 
12.0 g/mol 2.25 x10? MeV 


AE - (2.00 x 10? 
( 5 ‘| 2 nuclei/fusion event 


] (1.00 x 10” (4.62) 
2(2.25 x 10”) 


1.03 x107 kWh 


P45.40 To conserve momentum, the two fragments must move in opposite directions with speeds v, and 
7, such that 


my 
404 =M 709 or 05 Lp Ui. 


The kinetic energies after the break-up are then 


2 
Kı =4m,0; and Ka doa de 2) i-o. 


NE K, m; 
K,+K, K,+(m,/m,)K, |m +m, 


The fraction of the total kinetic energy carried off by m; is 


and the fraction carried off by m, is 1 E 1 : 
mcm, | mtm» 


*P45.41 (a) Q = 236.045 562u c? — 86.920 711u c? — 148.934 370u c? = 0.190 481u c? =| 177 MeV 


Immediately after fission, this Q-value is the total kinetic energy of the fission products. 


(b) Kg, = ee from Problem 45.40. 
Mp, ta 


-( 149 u 
(8704149 u 


Kia 2 Q- Kg, 2177.4 MeV -112.0 MeV =| 65.4 MeV 


jaa MeV) =| 112 MeV 


BE. 2(112 x10* ev (16107? J/ev) 
Mpy \ (87 u)(1.66 x 1072” kg/u) 


158x107 m/s 


(c) Up; 


NEUE 2(65.4%10° eV (161079 J/ev) 


is 9.20 x 10. m/s 
= "m Y (149 u)(1.66 x 1077 kg/u) / 
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P45.42 For a typical U, Q = 208 MeV; and the initial mass is 235 u. Thus, the fractional energy loss is 


ae dal =9.50 x 10-4 =| 0.095 0% |. 

mc? (235 u)(931.5 MeV/u) 

For the D-T fusion reaction, Q=17.6 MeV. 

The initial mass is m = (2.014 u) + (3.016 u) 2 5.03 u. 

The fractional loss in this reaction is L = IASON -375 x10? =| 0.375% 
mc^ (5.03 u)(931.5 MeV/u) 

0.37596 x ; " f . 285 TEES 

— 3.95 or | the fractional loss in D-T is about 4 times that in ^"U fission |. 
0.0950% 
P45.43 The decay constant is 4 = ue n =1.78x10° s. 


Tiz (123yr(316x10" s/yr) 
The tritium in the plasma decays at a rate of 


R-AN =(1.78x10° zl 2.00 x10" {= cm? Joo s) 


cm? 1m? 


R=178x10" Bq - (78x10? Bq) AL: [s ae. 
3.70x10" Bq 


4x10" Ci 


— — 10? times greater | than this amount. 
482 Ci 


The fission inventory is 


P45.44 Momentum conservation: Ü- mj;vj; * m, v,, OF, MiV — T, 0e. 


al 


bit 2 2 2 
Thus, Kj ES 1 mvt 1 (m0r) - (m,v,) i] My o? 
2 2 mj 2m; 2m; 
2 
(4.002 6 u) ; 2 i : 
Li [en (9.25 x10* m/s) - (14 u(9.25x105 m/s} 


Ky 2 114(1.66 x 1077 kg (9.25 x10 m/s) = 1.62107 J =| 1.01 MeV |. 


P45.45 The complete fissioning of 1.00 gram of U?? releases 


|... (100g) 
235 grams /mol 


(6.02 x 10? atoms/mol}(200 MeV/fission)(1.60 x 10 J/MeV) = 8.20 x10” J. 


If all this energy could be utilized to convert m kilograms of 20.0°C water to 400°C steam (see 
Chapter 20 of text for values), 


then Q=mc, AT+mL, +mc, AT 
Q = m[(4186 J/kg °C)(80.0 °C) +2.26 x 10° J/kg + (2010 J/kg °C)(300 *C)]. 
| 820x107] — 
3.20x10° J/kg 


Therefore 2.56 x 104 kg |. 
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P45.46 


P45.47 


P45.48 


When mass m of 7°U undergoes complete fission, releasing 200 MeV per fission event, the total 
energy released is: 


Q- HE. SN A(200 MeV) where N, is Avogadro's number. 
235 g/mol 


If all this energy could be utilized to convert a mass m.,, of liquid water at T, into steam at T, , then, 
Q =m [c (100 C -T,) +L, «c. (T, -100°C)| 


where c ,, is the specific heat of liquid water, L, is the latent heat of vaporization, and c, is the 
specific heat of steam. Solving for the mass of water converted gives 


pe Q i mN , (200 MeV) 
* [c „(100°C -T,)+L,,+¢,(T;, -100*CJ] (235 g/mol)[c,, (100*C — T, ) +L, + c, (T, -100°C)] | 
(a) The number of molecules in 1.00 liter of water (mass = 1 000 g) is 
3 
B LUS (6.02 x10” molecules/mol) =3.34x 10” molecules. 
18.0 g/mol 


The number of deuterium nuclei contained in these molecules is 


1 deuteron 


N'- (3.34 x10” molecules} =1.01x 10” deuterons. 


3300 molecules 
Since 2 deuterons are consumed per fusion event, the number of events possible is 


x =5.07 x10” reactions, and the energy released is 


Bug e (5.07 x10?! reactions) (3.27 MeV/reaction) = 1.66 x 10? MeV 


Ego, = (166x107? MeV (160x107? J/MeV)- | 265 x10" J |. 


(b) In comparison to burning 1.00 liter of gasoline, the energy from the fusion of deuterium is 


E fusion 2.65 x 10° J 
E sasoline 3.40 x 107 J 


78.0 times larger |. 


2 
(a) AV - Agr? Ar = Az (14.0 x 10? m) (0.05 m) 2 1.[22 x108 m? | —10? m? 


(b) The force on the next layer is determined by atmospheric pressure. 


W - PAV = (1.013 x 10? N/m?|(1.23 x 108 m?) =1.25x10" J | ~10% J 


c 125x109 y= ield), so yield = 1.25 x 10^ J| ~10" J 
10V y 


125x10^] 
42x10? J/ton TNT 


(d) = 297 x 10* ton TNT — 10* ton TNT 


or | — 10 kilotons 


P45.49 


P45.50 


P45.51 
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(a) The thermal power transferred to the water is 2, — 0.970 (waste heat) 


2, =0.970(3 065 — 1000) MW = 2.00 x 10? J/s 
Y is the mass of water heated per hour: 
e,  (2.00x10" J/s)(3600 s/h) 


=—w_ = =| 491x108 kg/h |. 
"^ WAT) (4186 J/kg°C)(3.50 °C) x10" kg/h | 


491x10* kg/h 
1.00 x10? kg/m? 


10° 1k 
(b) The ??U fuel is consumed at a rate r= eos Y J/s 5 É Sa >) =| 0.141 kg/h |. 
780x10" J/g A1000g À Ih 


=| 4.91x10° m?/h |. 


The volume used per hour is 


The number of nuclei in 0.155 kg of ?!? po is 


1 
N= 928 (6.02 x10” nuclei/mol) - 444 x 10? nuclei. 
209.98 g/mol 


The half-life of ?'? Po is 138.38 days, so the decay constant is given by 
P In2 — In2 
Ty, (138.38 d)(8.64x10* s/d) 


=5.80x10 s. 


The initial activity is 
Ry = AN, =(5.80 x 10° s)(4.44x 10? nuclei) = 2.58 x 10" Bq. 


The energy released in each E Poo 20Pb + 3He reaction is 


2, 
Q= [Mvo =M xs pp -Mine [e : 
Q- [209.982 857 — 205.974 449 — 4.002 603]u(931.5 MeV/u) 2 5.41 MeV. 


Thus, assuming a conversion efficiency of 1.00%, the initial power output of the battery is 


? = (0.0100)R,Q = (0.0100)(2.58 x 10^ decays/s(5.41 MeV/decay)(1.60 10 J/MeV) =| 223 W |. 


1/3 1/3 
Gu. Wepefagc me 2L E -- D croqssqm 
p p 187x10? kg/m 


(b) Add 92 electrons to both sides of the given nuclear reaction. Then it becomes 


ZU atom 8 3He atom + 76Pb atom + Qet- 


Qua = [Mm zu 78M ay, -Map |e” = [238.050 783 — 8 (4.002 603) - 205.974 449]u (931.5 MeV/u) 


Quet =| 517 MeV 


(c) If there is a single step of decay, the number of decays per time is the decay rate R and the 
energy released in each decay is Q. Then the energy released per time is | P? = OR |. If there 


is a series of decays in steady state, the equation is still true, with Q representing the net 
decay energy. 


continued on next page 
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(d) The decay rate for all steps in the radioactive series in steady state is set by the parent 
uranium: 
4 
ees (6.0210 nuclei/mol) = 1.77 x10% nuclei 
238 g/mol 
jode. ES eg ee ig oe 
Ti /2 4.47 x 10 yr yr 


R-AN- [s x10 7? Lh x10% nuclei) =2.75x10'° decays/yr, 
yr 


so £=QR=(51.7 Mev) 2:75x10" 1 possa J/MeV)- 2.27 x10? J/yr |. 
yr 


(e) dose in rem — dose in rad x RBE 
5.00 rem/yr - (dose in rad/yr)1.10, giving (dose in rad/yr) = 455 rad/yr 


10? J/kg | - 
1 rad y 


3.18 J/yr |. 


The allowed whole-body dose is then (70.0 kg)(4.55 rad/ vl 


Er = E(thermal) = Sky = 0.039 eV 


E= (5) E where n= number of collisions, and 0.039 = (2) (20 x 10°). 


Therefore, n = 25.6 =| 26 collisions |. 


Conservation of linear momentum and energy can be applied to find the kinetic energy of the 
neutron. We first suppose the particles are moving nonrelativistically. 

The momentum of the alpha particle and that of the neutron must add to zero, so their 
velocities must be in opposite directions with magnitudes related by 


m,V, +MgV gy =0 or (1.008 7 u)v, = (4.002 6 u)v,. 
At the same time, their kinetic energies must add to 17.6 MeV 


E= Qe + DE - 5 (1.008 7 u)o? + 5 (4002 6)v2 =17.6 MeV. 


lu 
931.494 MeV/c? 


Substitute v, = 0.252 0v,: E = (0.50435 u)v? + (0.127 10 u)v? 217.6 ved 


018 9c? 
dmg e E dj 
0.631 45 


| 


Since this speed is not too much greater than 0.1c, we can get a reasonable estimate of the kinetic 


energy of the neutron from the classical equation, 


=141 MeV. 


1.494 MeV/c? 
K = Fm? - Numer appa 2 AMN | 
u 


continued on next page 
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For a more accurate calculation of the kinetic energy, we should use relativistic expressions. 
Conservation of momentum gives 


v v 

y I, V4 +Y umma v, =0 1.008 7 ———L— = 4.002 6 —— —É——— 

VE VER 1-v2/c? 41-92 fe^ 

2 2 
v v 

ieldin = : : 
d : c? 15746c? -14746v? 
Then (y, - 1)m,c? +(7 a -1)m,c? 217.6 MeV 
and v, =0.171c, implying that (y, —1)m,c? =| 14.0 MeV |. 


From Table A.3, the half-life of 22D is 14.26 d. Thus, the decay constant is 


4,122. In2 
Tij 14.26 d 


=0.048 6 d! 25.63 x10? s7. 


_ Rg _ 522x10^ decay/s 


HEC TTE TEE -928 x10" nuclei 
2X S 


No 


At t =10.0 days, the number remaining is 


E ET 
Je (0.0486 d*)(10.0 d) _ 5.71 x 10? nuclei 


N = No e ^' =(9.28 x10”? nuclei 
so the number of decays has been Ny -N - 3.57 x 10? and the energy released is 
E - (3.57 x10? J700 keV (1.60 «107 J/keV) = 0.400 J. 


If this energy is absorbed by 100 g of tissue, the absorbed dose is 


Dose = 200] Hd =| 400 rad |. 
0.100 kg | 10 ^ J/kg 


6.02x10? nuclei/mol 
239.05 g/mol 


(a) The number of Pu nuclei in 1.00 kg = (1000 g). 


The total energy - (25.2 10? nuclei (200 MeV) = 5.04 x 107? MeV 


E=(5.04x 10% MeV)(444x107 kWh/MeV)-| 224x10" kWh | 


or 22 million kWh. 


(b E= Ame? = (3.016 049 u + 2.014102 u — 4002 603 u — 1.008 665 u)(931.5 MeV/u) 


E =| 17.6 MeV for each D-T fusion 


(c) E, - (Total number of D nuclei)(17.6)(4.44 x 107) 


E, - (6.02 10°) au (17.6 (4.44 10- )=| 234x 10* kWh 
2.014 


continued on next page 
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(d) E,, = the number of C atoms in 1.00 kg x 4.20 eV 


12 


E,= [S08 0" Ya x10 * MeV 4.4410 7^) - | 9:36 kWh 


(e) Coal is cheap at this moment in human history. We hope that safety and waste disposal 
problems can be solved so that nuclear energy can be affordable before scarcity drives up 
the price of fossil fuels. 


P45.56 Add two electrons to both sides of the given reaction. 
Then 4 1H atom He atom Q 
where Q = (Am)c? = [4(1.007 825) - 4.002603 u(931.5 MeV/u) = 26.7 MeV 
or Q-(267 MeV)(1.60 x10" J/MeV)- 428x10 ? J. 


The proton fusion rate is then 


power output 3.77 x10% J/s 


rate — m 
energy per proton (4.28 x10? J) / (4 protons 


=| 3.53x10* protons/s l. 


Que 7 Qı + Qu - [M4 *Mg -Mc - Mg Mc t Mp - Mr -Mg |? 
Qnet 7 Qr + Or - [M4 * Mg * Mp - Mg -Mp -Mg |? 


Thus, reactions may be added. Any product like C used in a subsequent reaction does not 
contribute to the energy balance. 
(b) Adding all five reactions gives 
IH+ {H+ Te- jH+ jH+ le jHe+2v+Qret 


or AGH 26-5 He4 2040. cx: 


Adding two electrons to each side 4 IH atom 3He atom + Qet: 


Thus Qui - MMiu -Mine p? = [4(1.007 825) - 4.002 603]u(931.5 MeV /u) =| 26.7 MeV |. 


P45.58 


P45.59 


(a) 


(b) 


(a) 


(b) 
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PN. 
[se m) [aser " 


The mass of the pellet is m= pV = (0.200 g/cm?) 5 ` 


The pellet consists of equal numbers of ^H and ?H atoms, so the average molar mass is 2.50 
and the total number of atoms is 
8.53x10 7 g 
2.50 g/mol 


Je x 102 atoms/mol) =8.51x10!° atoms: 


When the pellet is vaporized, the plasma will consist of 2Nparticles (N nuclei and N 
electrons). The total energy delivered to the plasma is 1.00% of 200 kJ or 2.00 kJ. The 


temperature of the plasma is found from E - (ZN X2sT) as 


E 2.00 x 10? J 


5 Y - 8 
3Nks  3(851x10/ (138x107? J/K) 5.68 x 10° K |. 


N 
Each fusion event uses 2 nuclei, so 3 events will occur. The energy released will be 


2 


16 
E (3 p [e = jus MeV)(1.60x10-" J/MeV) =1.20 x 10° J=[120 Kj |. 


The solar-core temperature of 15 MK gives particles enough kinetic energy to overcome the 


k,(e)(2. 
Coulomb-repulsion barrier to 1H + 3He > $He- e* + v, estimated as Reena). The 
r 


k.(e)(7e) 


Coulomb barrier to Bethe’s fifth and eight reactions is like — ,larger by : times, so 
r 


7 
the required temperature can be estimated as 5 (15 x 10° K) ~| 5x10’ K |. 


For *C+ 4H> ®N+Q, 


1 = (12.000 000 + 1.007 825 — 13.005 739)(931.5 MeV) =| 1.94 MeV 


For the second step, add seven electrons to both sides to 
have: PN atom °C atom+e* +e +Q 


Q; =[13.005 739 — 13.003 355 - 2(0.000 549) 931.5 MeV) =| 1.20 MeV 


Q; =Q; = 2(0.000 549)(931.5 MeV) =| 1.02 MeV 


Q, = [13.003 355 + 1.007 825 — 14.003 074[(931.5 MeV) =| 7.55 MeV 


Qs = [14.003 074 + 1.007 825 — 15.003 065 (931.5 MeV) =| 7.30 MeV 


Qs - [15.008 065 — 15.000 109 — 2(0.000 549) (931.5 MeV) =| 173 MeV 


Qs = [15.000 109 + 1.007 825 — 12 — 4.002 603|(931.5 MeV) =| 4.97 MeV 


The sum is | 26.7 MeV |, the same as for the proton-proton cycle. 


Not all of the energy released appears as internal energy in the star. When a neutrino is 
created, it will likely fly directly out of the star without interacting with any other particle. 
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I. Ije t7 s 
P45.60 (a) — 2 =O =| gnus 
I, Ige Hy 
(b) Jo _ ,-(6.40-41.0)(0.100) 2,396 -|352 
Tioo 
(o) ds _ p7(5.40-41.0)(1.00) _ 35.6 [5 89x105 
Tioo 
Thus, a 1.00-cm aluminum plate has essentially removed the long-wavelength x-rays from 
the beam. 
*P45.61 a The number of fissions ocurring in the zeroth, first, second, ... nth generation is 
8 e 


No, NoK, NoK?, ..., NoK”. 
The total number of fissions that have ocurred up to and including the nth generation is 
N =No +NoK +NoK? +...+NoK" =No(1+K +K? +...+ K"). 


Note that the factoring of the difference of two squares, a? -1 = (a +1)(a — 1), can be 
generalized to a difference of two quantities to any power, 


a? -1=(a? +a+1\(a-1) 


gu -1=(a" gg 0? ca T(a-1). 


n+l 
Thus K” +K"! +...+K?+K+1= 1 
K-1 
n+l — 
and Nem : 
K=1 


(b) The number of U-235 nuclei is 


N =5.50 -E XT lu — |-141x10? nudei. 
235 u À 166 x10 7 kg 


We solve the equation from part (a) for n, the number of generations: 
N 


0 


Â (K-1)+1=K"(K) 


0 


nin K =f NS za ( E23) a) InK 
K No 


_ In(N(K-1)/No +1) , In(1.41 x 107 (0.1)/10? +1) 
InK In11 


Therefore time must be alotted for 100 generations: 


(K-1)- K"*1-1 


99.2 


At, - 100(10x 10? s) - | 10010 5 s |. 


continued on next page 


(c) 


(d) 


(e) 
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1 1 9 2 
LM esc an -[283x10? m/s 
p Y187x10? kg/m 


ZEE J 3(5.5 kg) 


1 
-4413x10? m 
18.7 x 10? "nl 


r 413x107 m 
v 283x10? m/s 


1.46 x10? s 


14.6 us is greater than 1 us, so the entire bomb can fission. The destructive energy released 
is 


141x105 ZI 200 x 10" eV |= x10” J 


=451x10" J - 451x 1014 j| Lon TNT 
Tey 


fissioning nucleus 4.2x10° J 
= 1.07 x 10° ton TNT 


=| 107 kilotons of TNT 


What if? If the bomb did not have an “initiator” to inject 10? neutrons at the moment when 
the critical mass is assembled, the number of generations would be 


In(1.41 x 10” (0.1)/1 +1) ? 
= T 1-582 requiring 583(10 10? s) — 5.83 ys. 
ni. 


This time is not very short compared with 14.6 us, so this bomb would likely release much 
less energy. 


ANSWERS TO EVEN PROBLEMS 


P45.2 


P45.4 


P45.6 


P45.8 


P45.10 


P45.12 


P45.14 


P45.16 


184 MeV P45.18 (a) 2.53 x10% J; (b) 1.14 x 10? yr 
see the solution P45.20 — (a) 10^ cm; (b) 124x10? J/m?; 
(c) 1.77 T 


(a) 173 MeV; (b) 0.078 8% 


P4522  124h 


2.63 kg/d 


P45.24 — (a)100 h; (b) 3.16 m 


(a) 4.84V 1/3; (b) 6V 1^; (c) 6.30V 1; 
(d) the sphere has minimum loss and the P45.26 (a) 0.436 cm; (b) 5.79 cm 
parallelepiped maximum 


P45.28 | 2.39x10?*C 


2.68 x 10? 


P45.30  396x10* J/kg 


(a) 319 g/h; (b) 122 g/h 


(a) 3.24 fm; (b) 444 keV; (c) ius 
(d) 740 keV; (e) possibly by tunneling 


P45.32  (a)10; (b) 105; (c) 108 eV 


P4534 — 445x10? kg/h 
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P45.36 


P45.38 


P45.40 


P45.42 


P45.44 


P45.46 


(a) ~ 10°; (b) 


(a) 15x10”; 


—1075 g 


(b) 0.6 kg 


see the solution 


The fractional loss in D- T is about 4 times 


that in 7°U fission 


1.01 MeV 


mN , (200 MeV) 


(235 g/ zi 


c, (100*C - T.) - L, 
«c, (T, - 100°C) 


| 


P45.48 


P45.50 


P45.52 


P45.54 


P45.56 


P45.58 


P45.60 


(a) —10? m?; (b) ~10® J; (c) ~10"* J; 
(d) — 10 kilotons 


223 W 
26 collisions 


400 rad 
3.53 x10% protons/s 
(a) 5.68 x 10? K; (b) 120 kJ 


(a) see the solution; (b) 35.2; (c) 2.89 x 10 
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ANSWERS TO QUESTIONS 


Strong Force—Mediated by gluons. 
Electromagnetic Force—Mediated by photons. 
Weak Force—Mediated by W*, W7, and Z° bosons. 


Gravitational Force—Mediated by gravitons. 


The production of a single gamma ray could not satisfy the law 
of conservation of momentum, which must hold true in 
this—and every—interaction. 


In the quark model, all hadrons are composed of smaller units 
called quarks. Quarks have a fractional electric charge and a 
baryon number of T There are 6 types of quarks: up, down, 


strange, charmed, top, and bottom. Further, all baryons contain 
3 quarks, and all mesons contain one quark and one anti-quark. 
Leptons are thought to be fundamental particles. 


Hadrons are massive particles with structure and size. There are two classes of hadron: mesons and 
baryons. Hadrons are composed of quarks. Hadrons interact via the strong force. 

Leptons are light particles with no structure or size. It is believed that leptons are fundamental 
particles. Leptons interact via the weak force. 


Baryons are heavy hadrons with spin : Or are composed of three quarks, and have long 


lifetimes. Mesons are light hadrons with spin 0 or 1, are composed of a quark and an antiquark, and 


have short lifetimes. 


Resonances are hadrons. They decay into strongly interacting particles such as protons, neutrons, 


and pions, all of which are hadrons. 


The baryon number of a proton or neutron is one. Since baryon number is conserved, the baryon 


number of the kaon must be zero. 


Decays by the weak interaction typically take 10™ s or longer to occur. This is slow in particle 


physics. 
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Q46.11 


Q46.12 


Q46.13 


Q46.14 


Q46.15 


Q46.16 


Q46.17 
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The decays of the muon, tau, charged pion, kaons, neutron, lambda, charged sigmas, xis, and omega 
occur by the weak interaction. All have lifetimes longer than 10 P s. Several produce neutrinos; 
none produce photons. Several violate strangeness conservation. 


The decays of the neutral pion, eta, and neutral sigma occur by the electromagnetic interaction. 
These are three of the shortest lifetimes in Table 46.2. All produce photons, which are the quanta of 
the electromagnetic force. All conserve strangeness. 


Yes, protons interact via the weak interaction; but the strong interaction predominates. 


You can think of a conservation law as a superficial regularity which we happen to notice, as a 
person who does not know the rules of chess might observe that one player's two bishops are 
always on squares of opposite colors. Alternatively, you can think of a conservation law as 
identifying some stuff of which the universe is made. In classical physics one can think of both 
matter and energy as fundamental constituents of the world. We buy and sell both of them. In 
classical physics you can also think of linear momentum, angular momentum, and electric charge as 
basic stuffs of which the universe is made. In relativity we learn that matter and energy are not 
conserved separately, but are both aspects of the conserved quantity relativistic total energy. 
Discovered more recently, four conservation laws appear equally general and thus equally 
fundamental: Conservation of baryon number, conservation of electron-lepton number, 
conservation of tau-lepton number, and conservation of muon-lepton number. Processes involving 
the strong force and the electromagnetic force follow conservation of strangeness, charm, 
bottomness, and topness, while the weak interaction can alter the total 5, C, B and T quantum 
numbers of an isolated system. 


No. Antibaryons have baryon number -1, mesons have baryon number 0, and baryons have baryon 
number +1. The reaction cannot occur because it would not conserve baryon number, unless so 
much energy is available that a baryon-antibaryon pair is produced. 


The Standard Model consists of quantum chromodynamics (to describe the strong interaction) and 
the electroweak theory (to describe the electromagnetic and weak interactions). The Standard Model 
is our most comprehensive description of nature. It fails to unify the two theories it includes, and 
fails to include the gravitational force. It pictures matter as made of six quarks and six leptons, 
interacting by exchanging gluons, photons, and W and Z bosons. 


All baryons and antibaryons consist of three quarks. All mesons and antimesons consist of two 

; : 1 ; ; 3 
quarks. Since quarks have spin quantum number v and can be spin-up or spin-down, it follows that 
the three-quark baryons must have a half-integer spin, while the two-quark mesons must have spin 


0 or 1. 


Each flavor of quark can have colors, designated as red, green and blue. Antiquarks are colored 
antired, antigreen, and antiblue. A baryon consists of three quarks, each having a different color. By 
analogy to additive color mixing we call it colorless. A meson consists of a quark of one color and 
antiquark with the corresponding anticolor, making it colorless as a whole. 


In 1961 Gell-Mann predicted the omega-minus particle, with quark composition sss. Its discovery in 
1964 confirmed the quark theory. 


046.18 


046.19 


046.20 


Q46.21 


Q46.22 
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The =” particle has, from Table 46.2, charge —e, spin 2 B-1,L,-L,-L, =0, and strangeness -2. 


u 


All of these are described by its quark composition dss (Table 46.5). The properties of the quarks 


from Table 46.3 let us add up charge: 3 e 3 e 3 e=-—e; spin HL i = > supposing one of the 


quarks is spin-down relative to the other two; baryon number E s = =1; lepton numbers, charm, 


bottomness, and topness zero; and strangeness 0-1-1 = -2. 


The electroweak theory of Glashow, Salam, and Weinberg predicted the W+, W7, and Z particles. 
Their discovery in 1983 confirmed the electroweak theory. 


Hubble determined experimentally that all galaxies outside the Local Group are moving away from 
us, with speed directly proportional to the distance of the galaxy from us. 


Before that time, the Universe was too hot for the electrons to remain in any sort of stable orbit 
around protons. The thermal motion of both protons and electrons was too rapid for them to be in 
close enough proximity for the Coulomb force to dominate. 


The Universe is vast and could on its own terms get along very well without us. But as the cosmos is 
immense, life appears to be immensely scarce, and therefore precious. We must do our work, 
growing corn to feed the hungry while preserving our planet for future generations. One person has 
singular abilities and opportunities for effort, faithfulness, generosity, honor, curiosity, 
understanding, and wonder. His or her place is to use those abilities and opportunities, unique in all 
the Universe. 


SOLUTIONS TO PROBLEMS 


Section 46.1 The Fundamental Forces in Nature 


Section 46.2 Positrons and Other Antiparticles 


P46.1 


Assuming that the proton and antiproton are left nearly at rest after they are produced, the energy E 
of the photon must be 


E = 2E, = 2(938.3 MeV) =1876.6 MeV -3.00 x 10? J. 


Thus X E-4f-300x10 ^J 


3.00 x 101? J 


qoem E 4.53 x10” Hz 
. x 'S 


qp 


Cc. 3.00 x 10° m/s » 


a 6.62 x 101 m |. 
f 453x10” Hz 


622 Particle Physics and Cosmology 


P46.2 


P46.3 


The minimum energy is released, and hence the minimum frequency photons are produced, when 
the proton and antiproton are at rest when they annihilate. 


That is, E = Ey and K =0. To conserve momentum, each photon must carry away one-half the 
energy. 
_ 2Eg 


Thus, Eu = Ey = 938.3 MeV = hf min- 


; (938.3 MeV)(1.60 10"? J/MeV) OTC 
us, min ^ = .27 x Z 
(6.626 x10 J.s) 


c | 300x10* m/s 


== a =| 1.32107 m|. 
fmin “2272107 Hz 
Inyop'*p, 
we start with energy 2.09 GeV 
we end with energy 938.3 MeV + 938.3 MeV + 95.0 MeV + K, 


where K, is the kinetic energy of the second proton. 


Conservation of energy for the creation process gives | K, =118 MeV |. 


Section 46.3  Mesons and the Beginning of Particle Physics 


P46.4 


P46.5 


The reaction is uU -e—vev 
muon-lepton number before reaction: (-1)« (0) 2 -1 
electron-lepton number before reaction: (0) (1) 21. 


Therefore, after the reaction, the muon-lepton number must be -1. Thus, one of the neutrinos must 
be the anti-neutrino associated with muons, and one of the neutrinos must be the neutrino 
associated with electrons: 


V and Ve |: 


oe 
Then H xe EV. 


The creation of a virtual Z’ boson is an energy fluctuation AE = 93 x 10? eV. It can last no longer 


than At = cs and move no farther than 
2AE 


hc (6.626 x 10™ Js (3.00 x 10° a lev 


c(At) = = 
(at) 1.60 x10” J 


|= 106x10 m=|~10 m |. 
47 AE 4n(93 x 10? eV) 


Chapter 46 623 
P46.6 A proton has rest energy 938.3 MeV. The time interval during which a virtual proton could exist is at 


h ; 
most At in AEAt = z The distance it could move is at most 


oue fassen pre mp) ae 
2AE 2(938.3)(1.6 x 10 J) 


According to Yukawa’s line of reasoning, this distance is the range of a force that could be associated 
with the exchange of virtual protons between high-energy particles. 


P46.7 By Table 46.2, M o =135 MeV/c’. 


Therefore, E, =| 67.5 MeV | for each photon 


p=— =] 67.5 MeV/c 


E 

and f= en 1.63 x 10? Hz |. 

P46.8 The time interval for a particle traveling with the speed of light to travel a distance of 3x 10? m is 
-15 
gs m came 
v 3x10" m/s 
P46.9 (a) AE - (m, =m, -m,Jc? 
From Table A-3, AE = (1.008 665 — 1.007 825)(931.5) =| 0.782 MeV |. 
(b) Assuming the neutron at rest, momentum conservation for the decay process implies 


Pp = Pe- Relativistic energy for the system is conserved 


2 2 
2 2.2 2 2:2 2 
"m ) + ppt + (mec ) +poc° =m, Cc. 


Since p, = Pe, (938.3)? + (pe)? + (0.511)? - (po)? = 939.6 MeV. 
Solving the algebra, pc =1.19 MeV. 
Yve 119 MeV x 


If p.c=ym,v,c =1.19 MeV, then 


= = 2.33 where x = me. 
c | 0.511MeV 1.42 C 


Ve 


Solving, x’ = (1 - x?)5.43 and x » — - 0.919 
C 


v, =0.919c |. 


1.19 MeV)(1.60 x107? J/MeV 
Y ,Im,U,C 
Then m,0, =7 m,v,: v, =~ 4 = = ; 
myc (1.67 x 1077 (3.00 x 10° m/s) 


v, =3.80x10° m/s =| 380 km/s |. 


(c) The electron is relativistic, the proton is not. 
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Section 46.4 Classification of Particles 


P4610 In? +p* —n+ x`, charge conservation requires the unknown particle to be neutral. Baryon 
number conservation requires baryon number = 0. The muon-lepton number of ? must be -1. 


So the unknown particle must be | v, |. 


P46.11 PORA EK" K} >n" +r (or z? + x°) 


nopte'+y, 


Section 46.5 Conservation Laws 


P46.12 (a) p-pozu «e L, 0+0>0+1 
and E 0+0>-1+0 
(b) nm +p >pta charge -1+1>54+1+1 
(c) ptp>piz’ baryon number |: 1+151+0 
(d) p*pop-*p-*n baryon number |: 1+1>51+1+1 
(e) yt+tponta? charge 0+1>0+0 
P46.13 (a) Baryon number and charge are conserved, with values of 0+1=0+1 
and 1+1=1+1 in both reactions. 
(b) Strangeness is not conserved | in the second reaction. 


P46.14 Baryon number conservation | allows the first and forbids the second |. 


P4615 (à m og v, L: 021-1 
(b) K'2gu tv, Lj: 0—>-1+1 
(c) Vv, |*p oncee* L.: -1+0>0-1 
(d) v, |-nop'«e L: 1402041 
(e) v,|*nop'*u. Lo. 1+0—>0+1 
(f) U >E | Ve |+| V, L,: 1—>0+0+1 and L: Q=- 


P46.16 


P46.17 


Chapter 46 


Momentum conservation for the decay requires the pions to have equal speeds. 


The total energy of each is 


sO 


Solving, 


and 


so 


and 


p'2oz' «a? 
p«p'op'-«p'-«z? 
p'«p'op'-«z 

* * 

T Hu tV, 

0 + nio 

n >p +e +Vv, 


T —gu 4n 


497.7 MeV 
2 


E? = pc? +(me?)’ gives 


(248.8 MeV)? = (pc)^ + (139.6 MeV)’. 


2 
pc = 206 MeV = y mvc = = (4) 
2c 
1- (vc) 


pe _ 206 MeV 1 (: 


2 
mc 139.6 MeV 1-(v/c)” 


ejf nnt 


2 
a?) = 2.18 
C 


v — 0.828c |. 


Baryon number |: 10-40 


This reaction | can occur |. 


Baryon number | is violated: 1412140 


This reaction | can occur |. 


This reaction | can occur |. 


Violates | baryon number |: 00-1 


Violates | muon-lepton number |: 0-140 
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P46.18 


P46.19 


(a) prety 
Baryon number: +1>0+0 


AB #0, so baryon number conservation is violated. 


(b) From conservation of momentum for the decay: Pe =Py- 

Then, for the positron, FE? = (p.c)? +E, 

2 

becomes E2- (p,c) + EG. e= E +E, os 

From conservation of energy for the system: Eo, p =e +E, 

or E, = Eo, p- E, 

so E? = Ej , - 2Eg, pE, + E7. 

Equating this to the result from above gives E? + EG, — ES p 2Eo, pE; + E? 

Eô, p—E0,e (9383 MeV)? - (0.511 MeV)? 
or E, = oel Fa eV) ag MeV]. 
2E, p 2(938.3 MeV) 
Thus, E, = Eg, p - E, =938.3 MeV -469 MeV =| 469 MeV |. 
E, [469 MeV 
Also, Py =—= 
C C 
469 MeV 
and Pe =P, = . 
C 
(c) The total energy of the positron is E, 2 469 MeV. 
E 
But, E, my Eg om — 
1-(v/c) 
NE 
A (=) x oe _ 0.511 MeV 16, (95 
C E, 469 MeV 

which yields: v — 0.999 999 4c |. 

The relevant conservation laws are: AL, =0 
AL, =0 

and AL, «0. 
(a) a*n’ vet +? L,: 0>0-1+L, implies Le =1 and we have a | v, 
(b) pou +p+r* Ly L,+0>41+0+0 implies L, =1 and we havea | v, 


continued on next page 


(d) 


Section 46.6 


P46.20 


P46.21 


P46.22 


A pru +? 


T'—gu +?+? 


Conclusion for (d): 


We have 


and 


L E 


Hu 


L $ 


u 


L . 


"E 


Y 


v 


0>0+1+L, 


0>-1+L, 


-1>0+L, 


cle 


Strange Particles and Strangeness 


implies L, 2 -1 


implies L,, =1 


implies L, =-1 


The o? > z* + decay must occur via the strong interaction. 


The Kg > 2* +” decay must occur via the weak interaction. 


(a) 


(b) 


(d) 


(e) 


A > pr 


Strangeness: —1>0+0 


Strangeness: 


Strangeness: 


Strangeness: 0+0—>0-1 


Strangeness: -2 > -1+0 


Strangeness: -2 >0+0 


(strangeness is 


0+0—-1+1 (0=0 and strangeness is 


0+0—+1-1 (0=0 and strangeness is 


(0 —1: strangeness is 


(-2 + -1 so strangeness is 


(—2 +0 so strangeness is 


Ez 021-40, 
uh 10 

L,: 020-141 

Strangeness: -10-40, 

charge: 0 4140 

Baryon number: +1>0+0 

Strangeness: -20-«0 


Chapter 46 


and wehavea|v 


and we have a 


and wehavea|v 


L,, =1 for one particle, and L, = -1 for the other particle. 


not conserved |) 


conserved 


conserved 


not conserved 
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not conserved |) 


not conserved 
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(a) 


(b) 


(c) 


(d) 


(e) 


7 -p- 2n violates conservation of baryon number as 0 4 1— 0, | not allowed |. 


K «noA? sz 


Baryon number, 04-11-40 
Charge, -1+0>0-1 
Strangeness, -1+0—-1+0 
Lepton number, 0—0 


The interaction may occur via the | strong interaction | since all are conserved. 


K^ oz +a’ 


Strangeness, -1>0+0 
Baryon number, 00 
Lepton number, 0—0 
Charge, -1>-1+0 


Strangeness is violated by one unit, but everything else is conserved. Thus, the reaction can 


occur via the | weak interaction |, but not the strong or electromagnetic interaction. 


Q 5E «za? 


Baryon number, 121-40 
Lepton number, 00 
Charge, -]-1-40 
Strangeness, -90o-2-«0 


May occur by | weak interaction |, but not by strong or electromagnetic. 


]2y 

Baryon number, 0—0 
Lepton number, 00 
Charge, 0—0 
Strangeness, 00 


No conservation laws are violated, but photons are the mediators of the electromagnetic 


interaction. Also, the lifetime of the 7 is consistent with the 


electromagnetic interaction |. 


P46.24 


(a) 


(b) 


(c) 


(d) 


(e) 


E 0 - 
a >A +4 +V, 
Baryon number: 


L: 0—>0+0+0 


e’ 


L.: 0—>0+0+0 


"E 


Conserved quantities are: 


K? >27" 

Baryon number: 0-0 
Ls 0—0 
L.: 00 


I 


Conserved quantities are: 


K «po Z«n 


Baryon number: 9+1>1+1 
Ls 0400-0 
L: 0+0—>0+0 


"E 


Conserved quantities are: 


2° +A’ ty 

Baryon number: 1121-40 
Ls 00-0 
L.: 00-40 


T 


Conserved quantities are: 


ete Duty 


Baryon number: 0+0—>0+0 
Ez; -1+1—>0+0 
L,: 0+0>0+0 


T 


Conserved quantities are: 


péinoA ex 


Baryon number: -1+1—> -1+1 
L2 000-0 
L.: 0+0—0+0 


I 


Conserved quantities are: 


41 4140-40 


Charge: 


Lat 


Strangeness: 


Charge: 


Lj 


Strangeness: 


Charge: 


E 


Strangeness: 


Charge: 


Lg 


Strangeness: 


Charge: 


Ly 


Strangeness: 


Charge: 


Lie 


Strangeness: 
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-1>0-1+0 
0504141 


—2—>-1+0+0 


B, charge, L,, and L, 


00 
00 


4310 


B, charge, L,, L,,, and L, 


ut 


-141 0-40 
0-0 0-40 


-1+0-1+0 


S, charge, L,, Ly and L, 


0>0 
0—>0+0 


-1>-1+0 


B, S, charge, L,, La and L, 


+1-1—>+1-1 
04-0 4-1 


0-0 0-40 


B, S, charge, L,, L,, and L, 


-140—0-1 
04-00-40 


04-0 41-1 


B, S, charge, L,, La and L, 
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(a) K*+p> 2? +p 


The strong interaction conserves everything. 


Baryon number, 
Charge, 


Lepton numbers, 


Strangeness, 


0-1 B«1 
4120-41 


04-0 L40 


43140 5-40 


SO 


The conclusion is that the particle must be positively charged, a non-baryon, with 
strangeness of +1. Of particles in Table 46.2, it can only be the | K* |. Thus, this is an elastic 


scattering process. 


The weak interaction conserves all but strangeness, and AS = +1. 


(b) Q >? +r 
Baryon number, 
Charge, 


Lepton numbers, 


Strangeness, 


The particle must be a neutral baryon with strangeness of —2. Thus, it is the 


(c) K'2?-*u cv, 
Baryon number, 
Charge, 


Lepton numbers, 


Strangeness, 


The particle must be a neutral meson with strangeness =0 >| z 


41 B+0 
-1>Q-1 
0>L+0 


-85-40 


0 B«0-«0 
31204140 
L,, 0L, *0-«0 
L,,9>L,-1+1 
L,,0>L,+0+0 


15-40-40 


so 


so 


sO 


so 


so 


sO 


so 


so 


so 


so 


AS =1: S = -2 


© 


E 


B=0 
Q=0 
L, =0 
L, = 
L,- 
AS =41 


(for weak interaction): 5 2 0 
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Section 46.7 Making Elementary Particles and Measuring Their Properties 


1.602177 x10? C (1.15 T)(1.99 m) 
*P46.26 (a) — py =eBr,. = | = ss) eee 
5.344 288 x 10 7 (kg -m/s)/(MeV/c) c 


(1.602177 x10? C)(1.15T)(0.580m) 200 MeV 
5.344 288 x 10” (kg -m/s)/(MeV/c) C 


P= eBr + = 


(b) Let 9 be the angle made by the neutron's path with the path of the X* at the moment of 
decay. By conservation of momentum: 


p, cos 9 + (199.961 581 MeV/c)cos64.5?— 686.075 081 MeV/c 
^. p, coso = 599.989 401 MeV/c (1) 


p, Sing = (199.961 581 MeV/c) sin 64.5? = 180.482 380 MeV/c (2) 


From (1) and (2): py = (599.989 401 MeV/c)” +(180.482 380 MeV/c)” = 


(c) E,= Jo. +(m_.c?) = (199.961 581 MeV) +(139.6 MeV)? =| 244 MeV 


E, 2 J (p.c) +(m,c?) - (626.547 022 MeV)” +(939.6 MeV)” - [1130 MeV 


E.. -E + E, = 243.870 445 MeV +1129.340 219 MeV =| 1370 MeV 


(d m,e? -JEL -(p,.c) = Ja 373.210 664 MeV)" — (686.075 081 MeV) 21190 MeV 


m.s =| 1190 MeV/c? 


x* 


=1.154 4 


2v 
v | 1373.210 664 MeV 
c? 1189.541 303 MeV 


= 2 
Es -ym..c , Where y h 


Solving for v, v =| 0.500c |. 


P46.27 . Time-dilated lifetime: 
_ 0.900x107" s. 0.900 x10™ s 


1-o?/cà  1-(0.960)? 


distance = 0.960 (3.00 x10* m/s (3.214 x 10^ s) - [9.26 cm |. 


= 3.214x107" s 


T=7 To 
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*P46.28 


(a) 


(b) 


(c) 


(d) 


(e) 


Let E min be the minimum total energy of the bombarding particle that is needed to induce 
the reaction. At this energy the product particles all move with the same velocity. The 
product particles are then equivalent to a single particle having mass equal to the total mass 
of the product particles, moving with the same velocity as each product particle. By 
conservation of energy: 


Emin + a. = (me?) +(p3c) . (1) 
By conservation of momentum: P3=P1 
2 2 2 
#3 (Pac) - (p.c) = Ežin - (mc?) . (2) 


2 2 
Substitute (2) in (1): Emin 4 mac? = (mse?) AEN - (mc?) : 
Square both sides: 


2 2 2 
2 2 2 2 2 2 
Ehin + 2Emin™2C +(mc ) - (msc ) + Ezin- (mc ) 


Dh ouv 202 
(m$ -mí —m3)c 


2m, 
2 2|.2 
n (m3 - m? -m3 - 2mm, y? [mi — (my +p) I 
-Kimin = Emin mic = ~ 
2m, 2m, 


Refer to Table 46.2 for the particle masses. 


| [4(938.3)} Mev?/c? -[2(938.3)]? Mev?/c? - 


2(938.3 MeV/ E 5.63 GeV 


min 


(497.7 1115.6). MeV?/c? - (139.6 +938.3)? MeV?/c? 


768 MeV 
2(938.3) MeV/c? 


min 7 


[2(938.3) +135] MeV?/c? -[2(938.3)]. MeV?/c? 
2(938.3) MeV/c? " 


280 MeV 


min 


|(o1.2s*)' - (038.3 938.3)? | Mev?/c? | 


K min = 5 =| 4.43 TeV 
2(938.3) MeV/c 
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Section 46.8 Finding Patterns in the Particles 


Section 46.9 Quarks 


Section 46.10 Multicolored Quarks 


Section 46.11 The Standard Model 


P46.29 (a) The number of protons 
i S 1 
N, =1000 g 6.02 x 10^ molecules 0 protons) -3.34x10% protons 
5 180g molecule 
23 
and there are N, =1000 g ene iis sages: (: neutrons) = 2.68 x10% neutrons. 
180g molecule 
So there are for electric neutrality | 3.34x 1076 electrons |. 
The up quarks have number 2 (3.34 x10% ) + 2.68 x 107° =| 9.36 x 107° up quarks 
and there are 2 (2.68 x 10% ) +3.34 x 10” =| 8.70 x10°° down quarks |. 
(b) Model yourself as 65 kg of water. Then you contain: 
65 (3.34 x 10%) ~ 10” electrons 
65(9.36 x10% )| ~ 10? up quarks 
65(8.70 x 10%) ~10” down quarks |. 
Only these fundamental particles form your body. You have no strangeness, charm, topness 
or bottomness. 
P46.30 (a) proton u u d total 
strangeness 0 0 0 0 0 
baryon number 1 1⁄3 1⁄3 1⁄3 1 
charge e 2e/3 2e/3 -e/3 e 
(b) neutron u d d total 
strangeness 0 0 0 0 0 
baryon number 1 1/3 1/3 1/3 1 
charge 0 2e/3 -e/3 -e/3 0 
P46.31 Quark composition of proton = uud and of neutron = udd. 


Thus, if we neglect binding energies, we may write 


mo 


m, -m,-42mg. 


-2m,-ma 


(1) 
(2) 


and 
Solving simultaneously, 


we find 312 MeV/c? 


ma -36m. m.,) ==[2(038 MeV/c?)- 939.6 meV/c?]- 


314 MeV/c? |. 


and from either (1) or (2), mg = 
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P46.32 


P46.33 


P46.34 


(a) 


(b) 


(a) 


(b) 


(c) 


(d) 


strangeness 
baryon number 
charge 


strangeness 
baryon number 
charge 


a «poK^«A? 


In terms of constituent quarks: ud + uud 5 ds +uds 

up quarks: -1+2—>0+1, or 191 
down quarks: 14+1>51+1, or 222 
strange quarks: 0-02 -1-«1, or 00 
T -poK'«XE du-- uud > u5 + uus 

up quarks: 14+2>51+2, or 3-3 
down quarks: -1+150+0, or 00 
strange quarks: 0-02 -1-1, or 090 
K +p>K*4+K°+Q° us + uud — us + ds + sss 

up quarks: -1+2—1+0+0, or 1-1 
down quarks: 0+1>0+1+0, or 191 
strange quarks: 1-0 -1-1-3, or 191 
ptp>K°+pta*+? uud+uud—> ds+uud+ud+ ? 


The quark combination of ? must be such as to balance the last equation for up, down, and 
strange quarks. 


up quarks: 2+2=04+2+1+? (has 1 u quark) 
down quarks: 1+1=1+1-1+? (has 1 d quark) 
strange quarks: 0+0=-1+0+0+? (has 1 s quark) 


quark composition =uds =| A? or x? 


In the first reaction, z^ + p K’ + A’, the quarks in the particles are: ud - uud —> d5 + uds. There is a 
net of 1 up quark both before and after the reaction, a net of 2 down quarks both before and after, 
and a net of zero strange quarks both before and after. Thus, the reaction conserves the net number 
of each type of quark. 


In the second reaction, z^ +p — K? +n, the quarks in the particles are: ud +uud > d5 + uds. 


In this case, there is a net of 1 up and 2 down quarks before the reaction but a net of 1 up, 3 down, 
and 1 anti-strange quark after the reaction. Thus, the reaction does not conserve the net number of 
each type of quark. 
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P46.35 Lo + port +y+X 
dds + uud — uds +0 +? 


The left side has a net 3d, 2u and 1s. The right-hand side has 1d, 1u, and 1s leaving 2d and 1u 
missing. 


The unknown particle is a neutron, udd. 


Baryon and strangeness numbers are conserved. 


P46.36 Compare the given quark states to the entries in Tables 46.4 and 46.5: 


(a) suu-|X* 


(D) ud=| r 


(c) sd=| K? 


(d) ssd =| 5” 


Q 


. This is the | antiproton |. 


P46.37 (a) uud: charge ( se 2e (2«]- - 
3 3 3 


. This is the | antineutron |. 


(b) udd: charge 


wWlN 
fas) 
wiz 
+ 
ATN 
w| = 
fas) 
Soy 
+ 
ATTN 
w| = 
GY 
Sy 
| 
j=) 


Section 46.12 The Cosmic Connection 


1l+v,/c 
1-v,/c. 


P46.38 | Section 39.4 says Fobra = fears 


The velocity of approach, v,, is the negative of the velocity of mutual recession: v, =—v. 


Then, E teo and A'-A iei 
A’ ANŅ1+v/c 1-v/c 


1 1 
P4639 (a) a =a A tele Bid niyo doa ne Ut 
1-o/e 1-o/c 
118? = L+2%/¢ 1381 
1-o/c 
1+ =1.381 -1.381 Ë 2.38 = 0.381 
C C C 
U 7 
— = 0.160 or v =| 0.160c |= 4.80 x10’ m/s 
; | 0.160¢ | / 


4.80 x 107 
(b) — v-HR: Latet BA HIN CIT E 
H 17x10” m/s.ly 
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1 1 
P4640 (à wan 1 zara, *UC _(z41)? 
1-o/c 1-o/c 
142-41) -(2} 2497 (2) +22+2)=2? +22 
C C C 
Zu 
U-|Cc—;—— — 
Z^-2Z-2 
2 
(b) R= v |c 2 +2Z 
H | A\ 2Z°+2Z+2 
(17x10? m/s) 
P4641  v-HR H- 
ly 
1+v/c 
6 " 4 eL E _ 
(a) (200x105 1y) 23.4x10* m/s Mea ioje n0 113.3) = 590.07 nm 


1+0.011 
(b) 02.00 108 ly)=3.4x10° m/s E pease rt 
1-001133 


140.1133 
2.00 x 10? ly) 2 3.4 x 107 A' =590 =| 661 
(© sono ly)=3.4%10" nys Dons 


P46.42 (a) Wien’s law: Aga T = 2.898 x10° m-K. 


_ 2898x10? m-K  2898x10? m-K 
T 2.73 K 


=1.06 x10 m=| 1.06 mm 


Thus, A max 


(b) This is a | microwave |. 


*P46.43 — We suppose that the fireball of the Big Bang is a black body. 


I =eoT* - (D (5.67 x10* W/m? -K*)273 K)* 2|315x10 * W/m? 


As a bonus, we can find the current power of direct radiation from the Big Bang in the section of the 
universe observable to us. If it is fifteen billion years old, the fireball is a perfect sphere of radius 
fifteen billion light years, centered at the point halfway between your eyes: 


3x10? m/s 


2 
2 
3.156 x 107 
iy | ( x s/yr) 


$-1A-I(4zr^) =(3.15x10° W/m? 4z)(15 x 10° zi 


P=7.98x10" W. 


P46.44 


P46.45 


*P46.46 
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The density of the Universe is 


3H? 
-120p, =1.20 
p-120p, H 


Consider a remote galaxy at distance r. The mass interior to the sphere below it is 


2 23 
M-d Sar? |=1.20 3H [2,7 - Se T 
3 8zG A3 G 


both now and in the future when it has slowed to rest from its current speed v = Hr. The energy of 
this galaxy-sphere system is constant as the galaxy moves to apogee distance R: 


2,3 2,3 
1 ip? mM _g_GmM " 1 n2 Gin 9.600H?r?) _ g _ Gm 0.600H?r 
r R 2 r G R G 
0.100 = 0.600— so R- 600r. 


The Universe will expand by a factor of | 6.00 | from its current dimensions. 


(a) kgT = 2m ,c? 


2m,c? ^ 2(9383 MeV -13 
o rar __ 29383 MeV) (160x107? J\ prk 
ks — (138x107? J/K)( 1MeV 
(b) kgT « 2m,c? 
2 -13 
o Tue __2(0.511 MeV) (160x107? J) TK 
ks (138x10 J/K)\ 1MeV 


(a) The Hubble constant is defined in v = HR . The distance R between any two far-separated 
objects opens at constant speed according to R = vf. Then the time t since the Big Bang is 
found from 


v=Hvt 1=Ht t=—. 


8 
(b) = = “3 E. | ms. 176 x 10 yr |- 17.6 billion years 
x m/s-ly y/yr 
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*P46.47 (a) 


(b) 


*P46.48 


Consider a sphere around us of radius R large compared to the size of galaxy clusters. If the 
matter M inside the sphere has the critical density, then a galaxy of mass m at the surface of 


the sphere is moving just at escape speed v according to 
1 5 GMm 

—mv~ —-——— = 

2 R 


The energy of the galaxy-sphere system is conserved, so this equation is true throughout the 


K+U, =0 


history of the Universe after the Big Bang, where v = z, Then 


2 
E QAM B= R”? JIM [, JRdR - J2GM f. dt 
OL T PR 

= 8GMt ZR? = [2GMT 
3/2 |, b 3 


2 R? č 2 R 
3 J2GM_ 3 J2GM/R ` 


From above, 


R 
so T= 2R 

3v 
Now Hubble's law says v=HR 
So T= 2R. EN 

3HR 3H 

1 8 
T= z SoA EVE rese oo ye aie bon yous 
3(17 x10? m/s-ly) 1 ly/yr 


In our frame of reference, Hubble's law is exemplified by v, = HR, and v; = HR,. From these we 


may form the equations -v, = -HR, and v; —v, = H(R; - R,). These equations express Hubble’s 


law as seen by the observer in the first galaxy cluster, as she looks at us to find -v, = H(-R,) and as 
she looks at cluster two to find v; - v; = H(R; - R,). 


Section 46.13 Problems and Perspectives 


P46.49 (a) 


(b) 


(c) 


aG (1055x107 J.s(6.67 x10 N-m?/kg?) 


L=] = -|161x10? m 
C 


(3.00108 m/s)" 


L 161x10? m 


This time is given as T = g——-7538x10 ^ s |, 
c  3.00x10" m/s 


which is approximately equal to the ultra-hot epoch. 


Yes. 


Additional Problems 


P46.50 


*P46.51 


P46.52 


Chapter 46 

We find the number N of neutrinos: 

10% J=N(6 MeV) =N(6x1.60x10-" J) 

N 210x107 neutrinos 
The intensity at our location is 

2 
58 
N N 1.0x10 lly -31x10 m2. 


A 4rr? Ax (17 x 105 ly) (3.00 10° m/s)(3.16 x10’ s) 
The number passing through a body presenting 5 000 cm? = 0.50 m? 


is then (31 x10" = Jose m?)=1.5 x10" 
m 


or eT. 


A photon travels the distance from the Large Magellanic Cloud to us in 170 000 years. The 
hypothetical massive neutrino travels the same distance in 170 000 years plus 10 seconds: 


c(170000 yr) = o (170000 yr +10 s) 
v — 170000 yr 1 1 
e 17000yr«105 1410 s/[(1.7x10° yr(3156x10" syr)]| 14186107 


For the neutrino we want to evaluate mc? in E =y mc?: 


2 
2 1«4186x10 7| -1 
mc? === E,/1-2 210 Mev hı : ; -10 MeV | | ; 
y c (1+1.86 x10?) (1+1.86 x10?) 


2(1.86 x dg) 


mc? «10 MeV =10 MeV(1.93 x 105) =19eV. 


Then the upper limit on the mass is 


D 19 eV 
c 
pa a — —|=21x10% u. 
c? (9315x105 eV/c 
(a) a «poE'«a? is forbidden by | charge conservation |. 
(b) Ho >T +Ve is forbidden by | energy conservation |. 


(c) porta +r is forbidden by | baryon number conservation |. 
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The total energy in neutrinos emitted per second by the Sun is: 
2 
(0.4) 4z(15 x10") w -11x10? W. 
Over 10? years, the Sun emits 3.6 x 10? 
mc? 23.6x10? J 


J in neutrinos. This represents an annihilated mass 


m= 40x10? kg. 


About | 1 part in 50000 000 | of the Sun's mass, over 10? years, has been lost to neutrinos. 


ptprptz' +X 


We suppose the protons each have 70.4 MeV of kinetic energy. From conservation of momentum for 
the collision, particle X has zero momentum and thus zero kinetic energy. Conservation of system 
energy then requires 


Myc? +M,c? « Myc? =(M,c” +K,)+(Myc” « K,) 


Mxc” - Myc? + 2K, —M,c” =938.3 MeV + 2(70.4 MeV) -139.6 MeV = 939.5 MeV 


X must be a neutral baryon of rest energy 939.5 MeV. Thus X isa | neutron |. 


(a) If 2N particles are annihilated, the energy released is 2Nmc?. The resulting photon 


"EG uS ; . 
momentum is p=— = = ANmc. Since the momentum of the system is conserved, the 
C c 


rocket will have momentum 2Nmc directed opposite the photon momentum. 


p=2Nmc 


(b) Consider a particle that is annihilated and gives up its rest energy mc” to another particle 
which also has initial rest energy mc? (but no momentum initially). 


2 
E? = pc” (mc?) 
DNA 2)? 
Thus (2mc ) =p°c +(me ) . 
Where p is the momentum the second particle acquires as a result of the annihilation of the 


first particle. Thus afm?) - pic? +(me?)’, p= 3(me?) . So p - Jaàmc. 


N N 
This process is repeated N times (annihilate z protons and F antiprotons). Thus the total 


momentum acquired by the ejected particles is /3Nmc, and this momentum is imparted to 


the rocket. 
p= V3Nmc 


(c) Method (a) produces greater speed since 2Nmc > J3Nmc . 


P46.56 


P46.57 


P46.58 


r 14x10" m 


= s =47x10™ s 
c 83x10" m/s 


(a) AEAteh,and At= 


AE x 
At 47x10 s 


AE 14x10? MeV/c? | -10? MeV/c? 


m= 


(b) From Table 46.2, m „c? =139.6 MeV | a pi-meson |. 


mac? =1115.6 MeV A > pr 


mc” =938.3 MeV m,c^ = 139.6 MeV 


The difference between starting rest energy and final rest energy is the kinetic energy of the 


products. 


K, +K, - 37.7 MeV and Pp =Pr =P 


Applying conservation of relativistic energy to the decay process, we have 


| (038.3) +p? -9383| +| [039.67 epic? -139.6 =37.7 MeV. 


Solving the algebra yields 
Pro = p,c = 100.4 MeV. 


2 2 2 2 TRAE Nay | 
Then,  K, =4(m,c?) +(100.4)” -m,c? =[ 5.35 MeV 


K,- (139.9)? + (100.4)? —139.6 =| 32.3 MeV |. 


By relativistic energy conservation in the reaction, E, + m,c? = 


By relativistic momentum conservation for the system, ce 


-34 
h _ 1.055 x10 I5 (23497 j) 1MeV 
1.60 x10" J 
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E 
Dividing (2) by (1), | Re EC 
E,tm,c c 
2 2 
Subtracting (2) from (1), m,c? = 3m,c^  3m,c^X 
WE 31-x? 


Solving, 1 EE and X = : so E, = 4m,c? =| 2.04 MeV |. 


v1- X? 


641 


| 214 x10? MeV 


(1) 


(2) 
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P46.59 Momentum of proton is gBr = (1.60 x10 P C)(0.250 kg /C -s)(1.33 m) 
p, =5.32x10 kg -m/s cp, = 160x 10 kg-m?/s* = 1.60 x107™ J =99.8 MeV. 
Therefore, py =99.8 MeV/c. 
The total energy of the proton is E, = Eo + (cp) = (983.3)? + (99.8)? 2944 MeV. 
For pion, the momentum qBr is the same (as it must be from conservation of momentum in a 2- 
particle decay). 
p, =99.8 MeV/c E, = 139.6 MeV 
E, - 4 E2 * (cp). = (139.6)? 4 (99.8)? 2172 MeV 
Thus, E total after = Etotal before = Rest energy. 


Rest Energy of unknown particle = 944 MeV +172 MeV =1116 MeV (This is a A particle!) 


Mass =| 1116 MeV/c? |. 


P4660 x95 Ao cy 
From Table 46.2, m; =1192.5 MeV/c? and m, =1115.6 MeV/c’. 
Conservation of energy in the decay requires 


2 
Eos - (E, 4 * KA) E, or 1192.5 MeV 1 115.6 ver Pa Jer. 
^ 


System momentum conservation gives | Pa | = | Py 


, SO the last result may be written as 


2 
1192.5 MeV = f 115.6 MeV + Ej +E, 
m 


A 
p, 20? 
or 1192.5 MeV =| 1115.6 MeV + —— +E,. 
2M ,C 
Recognizing that mac? =1115.6 MeV and p,c-E, 
E? 
we now have 1192.5 MeV =1 115.6 MeV + ———— — —— + Ej 
2(1115.6 MeV) 


74.4 MeV |. 


Solving this quadratic equation, E 


P4661 p+popt+niz’ 


The total momentum is zero before the reaction. Thus, all three particles present after the reaction 

may be at rest and still conserve system momentum. This will be the case when the incident protons 

have minimum kinetic energy. Under these conditions, conservation of energy for the reaction gives 
2(m c? +K,) =m, c? -m,c? +m,,c" 


P P 


so the kinetic energy of each of the incident protons is 


d m,c^-m,c?-m,c^ (939.6139.6-9383) MeV _ 


p 70.4 MeV 
p 2 
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P46.62 m >u tV, From the conservation laws for the decay, 

m,c? =139.6 MeV - E, +E, [1] 
and p, =P), E,=p,c : E} = (pyc) + (105.7 MeV)? = (pyc) +(105.7 MeV)? 
or E? - E? =(105.7 MeV)’. [2] 
Since E, +E, 2139.6 MeV [1] 
and (E, E, (E, - E,) - 105.7 MeV)” [2] 

105.7 MeV)” 
then pps eV) 800. [3] 
5 139.6 MeV 

Subtracting [3] from [1], 2E, — 59.6 MeV and E, - 29.8 MeV |. 


P46.63 The expression e "dE gives the fraction of the photons that have energy between E and E+dE. 
The fraction that have energy between E and infinity is 


Je "ag Je ^ (-dE/kgT) q BIST oo 
E E E p-EfksT 
—EjkgT |? 

0 


Je""ag [e"T(-aEkST) € 
0 0 
We require T when this fraction has a value of 0.0100 (i.e., 1.0096) 
and E-1.00 eV 21.60 x 10? J. 


-19 -23 
Thus, 0.0100 = g 16010 J) /(1.38x10 J/K)T 


1.60 x10" J 1.16 x10 K 


or In(0.010 0) = = 
l ) (1.38 x10” J/K)T T 


giving T =| 2.52 x 10° K |. 


P46.64 (a) This diagram represents the annihilation of an y y 
electron and an antielectron. From charge and \ / f ud 
: : X j 
lepton-number conservation at either vertex, the X d \ A 
Í 
H 


exchanged particle must be an electron, | e7 |. | 1 |^ 


(b) This is the tough one. A neutrino collides with a r4 NA | y \ 
neutron, changing it into a proton with release of a j 
muon. This is a weak interaction. The exchanged ; ` / 


particle has charge +e and isa | W* |. (a) (b) 


FIG. P46.64 
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P46.65 


*P46.66 


(a) 


(b) 


(a) 


(b) 


(c) 


The mediator of this weak interaction is a A / SV [2 

Z? boson |. | vý E | Nd 
time 4 time | 

The Feynman diagram shows a down quark and Lge * Á 

its antiparticle annihilating each other. They can M P Arh 

produce a particle carrying energy, momentum, / N. d/ àd 

and angular momentum, but zero charge, zero 

baryon number, and, it may be, no color charge. In FIG. P46.65 


this case the product particle is a | photon |. 


For conservation of both energy and momentum in the collision we would expect two 
photons; but momentum need not be strictly conserved, according to the uncertainty 
principle, if the photon travels a sufficiently short distance before producing another matter- 
antimatter pair of particles, as shown in Figure P46.65. Depending on the color charges of 
the d and d quarks, the ephemeral particle could also be a | gluon |, as suggested in the 


discussion of Figure 46.14(b). 


At threshold, we consider a photon and a proton colliding head-on to produce a proton and 
a pion at rest, according to p+ y > p+ z?. Energy conservation gives 


2 
msc 
P +E, -myc? e m,c?. 
1 =u" fc? 
i . mu E, 
Momentum conservation gives 0. 


Ics ge € 
Combining the equations, we have 
2 2 
"msc "msc 
P + P ‘= mpc? +m,’ 
Tere ee 5 
938.3 MeV(1+u/c) 
(1-u/cY1 * u/c) 


= 938.3 MeV + 135.0 MeV 


so 5 = 0134 
C 
and E, =| 127 MeV |. 


AmaxT = 2.898 mm- K 


d.d 2.898 mm. K -lio mm 
2.73 K 


hc 1240 eV-10° m 


= 5— =] 117x10% eV 
À  106x10° m 


E, =hf = 


continued on next page 


(d) 
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In the primed reference frame, the proton is moving to the right at 7. 20124 and the 
C 


photon is moving to the left with hf’ 2 1.27 x 10° eV. In the unprimed frame, 
hf -117 x10? eV. Using the Doppler effect equation from Section 39.4, we have for the 
speed of the primed frame 


1 
127x108 L5 V/6 147 x10 
1-v/c 


P =1-171x10- 
C 


Then the speed of the proton is given by 


u  u'/c*víic — 0134«41-171x10 7 


=1-130x10™. 
c lewv/c? 1+0134(1-1.71 x10) 


And the energy of the proton is 


m,e? 938.3 MeV 


- == - =6.19 x10! x 938.3 x10 eV =| 5.81x10?? eV |. 
EPOD [1-0 -120x10) 


ANSWERS TO EVEN PROBLEMS 


2.27 x10? Hz; 1.32 fm P46.22 (a) electron lepton number and muon 


P46.2 


P46.4 


P46.6 


P46.8 


P46.10 


P46.12 


P46.14 


P46.16 


P46.18 


P46.20 


lepton number; 


v, and v, (b) electron lepton number; 


(c) strangeness and charge; 
(d) baryon number; (e) strangeness 


—10 76 m 
-23 P46.24 see the solution 
—10^s 
y P46.26 (a) 686 MeV and 200 Mey. 
C C 


(a) electron lepton number and muon 


(b) 627 MeV/c; 
(c) 244 MeV, 1130 MeV, 1370 MeV; 


lepton number; (b) charge; (d) 1190 MeV/c?, 0.500c 
(c) baryon number; (d) baryon number; 


(e) charge 


the second violates conservation of baryon 
number 


0.828c 


(a) see the solution; 


P46.28 (a) see the solution; (b) 5.63 GeV ; 
(c) 768 MeV; (d) 280 MeV ; (e) 4.43 TeV 


P46.30 see the solution 
P46.32 see the solution 


469 MeV P46.34 see the solution 


(b) 469 MeV ; —— — — for both; 
C a ERN 
(c) 0.999 999 4c P4636  (a)E';(b)z ; (c) K?; (d) E 


see the solution 


P46.38 see the solution 
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P46.40 


P46.42 


P46.44 


P46.46 


P46.48 


P46.50 


P46.52 


P46.54 


Z? +2Z e. 2427 
(a) v=cl 75 ; (b) 2 
Z°+2Z4+2 H| Z°4+2Z4+2 
(a) 1.06 mm; (b) microwave 
6.00 
(a) see the solution; (b) 17.6 Gyr 
see the solution 


(a) charge; (b) energy; (c) baryon number 


neutron 


P46.56 


P46.58 


P46.60 


P46.62 


P46.64 


P46.66 


(a) ~ 10? MeV/c? ; (b) a pi- meson 
2.04 MeV 

74.4 MeV 

29.8 MeV 

(a) electron-position annihilation; e`; 
(b) a neutrino collides with a neutron, 


producing a proton and a muon; W* 


(a) 127 MeV ; (b) 1.06 mm; (c) 1.17 meV; 
(d) 5.81x 10" eV 


